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Chapter 1   
 
Introduction and Objectives of the Thesis 
 
Abstract 
The adsorption of therapeutic proteins on a variety of surface types, e.g. from the produc-
tion line and the storage containers through to administration equipment, has shown to 
cause severe problems which should not be underestimated. Among them is the loss of 
content but also the potential of severe protein structural changes, accompanied by the 
risk of therapy failure or immunological reactions. Protein pharmaceuticals play an 
important role in today’s pharmacotherapy. Aside from common coatings or the use of 
plastic equipment, which is increasing in use, borosilicate glass is still the material of 
choice for the primary packaging of parenteral drugs. Against this background, a general 
summary on the phenomenon of protein adsorption on solid surface is given in the intro-
ductory chapter. Aside from external factors as, e.g. temperature, the adsorption of pro-
teins generally depends on three main components which are the protein itself, the sor-
bent surface, and the surrounding liquid. The driving forces, whose interplay determines 
the overall adsorption process, are pointed out. Moreover, a short overview on adsorption 
quantification procedures and on approaches to identify the structural changes upon 
adsorption is provided.  
 
Chapter 1 
 
1 INTRODUCTION 
1.1 Adsorption of Therapeutic Proteins on Solid Surfaces 
The understanding of adsorption of recombinant therapeutic proteins on various kinds of 
surfaces, e.g. in the course of up-stream and down-stream processing, fill and finish, stor-
age, or administration is crucial in the pharmaceutical industry. In addition, it has been 
well known for a long time that proteins adsorb to glass and plastic, which can result in a 
reduced dose reaching the patient [1,2]. Table 1 gives some striking examples of protein 
loss to a selection of different surfaces. This summary underlines fatal consequences 
which potentially arise from adsorption, especially from solutions of low concentration. 
One of the most intensively investigated proteins of clinical relevance in this regard is 
insulin [2-5].  
The main problem arises from the protein loss in solution. Without other optimizations, 
one approach to handle this problem is an appropriate increase of the starting concentra-
tion. Closely related to this is the inevitable financial effort for the surplus of the active 
ingredient. Moreover, the formulation can be adequately adapted with respect to the 
parameters pH and ionic strength or by the addition of suitable excipients. However, 
changes in the formulation are limited by the necessary conservation of protein stability 
on the one hand and an adequate biocompatibility on the other hand. Only in very rare 
cases will the protein itself be subject to changes with the intention to reduce its adsorp-
tion tendency. Another option is the selection of appropriate container material that has 
 
Table 1: Selected examples for the adsorptive loss of therapeutic protein to different surfaces 
utilized during the production process, storage, or administration.  
Protein Surface Concentration Protein loss Reference 
Insulin Glass bottle 30 U/l 52% after 5 min [2] 
Secretin 
 
Siliconized glass 
container  
40 CHR Units/ml 
 
20% 
 
[6] 
 
Cetrorelix 
 
Glass and plastic 
vials 
0.2 - 0.4 μg/ml 
 
30% after 2 h 
 
[7] 
 
Factor VIII PVC mini bag 146 IU/ml Approx. 60% after 48 h [8] 
Interleukin 2 
 
Silicone rubber 
catheter tubing 
50 - 100 μg/ml 
 
Approx. 90% activity 
loss after 24 h 
[9] 
 
Salmon calcitonin  
and bovine serum 
albumin 
Glass and 
polypropylene  
 
25 - 150 μg/ml 
 
 
30 - 75% after 12 h 
 
 
[10] 
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low binding properties for the respective protein. However, a universal and at the same 
time stable coating countervailing protein adsorption has not been found to this day. 
Additional problems can arise from the adsorption of proteins on solid surface. One of 
the major difficulties is the structural instability of the proteins, and adsorption may 
result in unfolding and aggregation phenomena. Both are critical with regard to an 
increasing potential of causing immunogenicity problems (see below). It is particularly 
worrisome that these entities, once formed through contact with the interface, may get 
back into the bulk solution, a process which may possibly be facilitated by collision with 
dissolved molecules [11]. Thus, an extensive study of the different factors involved in the 
adsorption process is essential for selecting the right actions to avoid or at least to reduce 
the above-mentioned serious consequences.  
 
1.2 Recombinant Proteins and their Formulation 
Recombinant proteins play an important role in modern pharmacotherapy, and special 
requirements are needed for the formulation of these protein-based active ingredients. In 
the majority of cases, proteins are administered parenterally as an aqueous solution. 
Either the aqueous solution is the stored dosage form or a freeze-dried product is recon-
stituted prior to administration. In order to preserve the biological activity of the proteins, 
the formulation must ensure the integrity of the protein conformation while also retain-
ing a wide range of functional groups from degradation. A multiplicity of excipients can 
be considered, of which buffers, sugars, polyols, amino acids, salts, and surfactants play 
the most important role. In terms of protein stability, the most critical factors are the pH 
value and the ionic strength [12]. The mechanism of stabilizing the protein structure by 
means of general protein stabilizers, such as sugars, is explained by the theory of preferen-
tial exclusion/interaction, discussed by Timasheff and coworkers [13-15], in which the 
protein molecule preferentially interacts with either water or the excipient molecules. 
Surfactants protect the protein from surface-mediated unfolding or aggregation. They 
also prevent the protein molecules from reaching the solution/air or the solution/packag-
ing container interface [16]. Through this, concentration-dependent phenomena and the 
range of the critical micelle concentration (CMC) as a typical lower limit for the formula-
tion concentration can be explained. Direct interactions between surfactant and protein 
molecules, especially with hydrophobic side chains, are an issue as well [17,18]. In the 
absence of unfolding, interactions between protein molecules are reduced. However, if 
the surfactant preferentially binds to the more hydrophobic unfolded state, the free 
energy of the denatured state would be lowered, and this state would be thermodynami-
cally stabilized by the surfactant. Thus, the addition of surfactant can result in both stabi-
lization and destabilization of a protein. Moreover, a chaperon-like effect of the surfac-
tants, which promotes refolding of protein molecules, is discussed [19,20].  
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1.3 Immunogenicity of Proteins  
The risk of immunogenicity reactions associated with therapeutic proteins should not be 
underestimated. By breaking the immune tolerance, therapy may fail, or an autogenic 
protein with an essential biological activity may be inactivated. A dramatic example in 
this regard is the sudden appearance of erythroblastopenia in erythropoietin-medicated 
patients, which occurred in temporal relation to a formulation change [21]. This crisis has 
encouraged scientific researchers, companies, and administration agencies (FDA, EMEA) 
to elucidate such relationships.  
Sources affecting the immune response can be roughly categorized by either treatment or 
processing-related factors [22]. Treatment-related factors involve the immune tolerance 
of the patient as well as the dosing schedule, the route of administration, and treatment 
duration. Processing-related factors include intrinsic protein properties, such as sequence, 
three-dimensional structure, and glycosylation pattern but also the whole manufacturing 
process, container closure, as well as storage and handling [23,24]. The presence of aggre-
gates, which are typically formed during processing and storage, has received particular 
attention [25]. Especially protein aggregates have shown to increase immunogenicity due 
to their size together with newly formed recognition patterns, analogous to virus-like 
arrays, which may be specifically recognized by the immune system [25].  
 
1.4 Glass – a Primary Packaging Material for Parenteral Dosage Forms  
From the beginning of the 20th century, primary packaging (vials, ampoules, carpules, 
and syringes) for liquid parenteral dosage forms or lyophilisates mainly consists of boro-
silicate glass because of its high chemical resistance, formability, and tightness. This cir-
cumstance has hardly changed with regard to contemporary protein pharmaceuticals. 
Hence, today’s packaging materials were virtually developed several decades ago for low 
molecular weight active pharmaceutical ingredients. For some time, polymeric materials 
have been gaining ground in the primary packaging sector because of their high break 
resistance, their excellent drainability, and solvent resistance [26]. However, these advan-
tages are accompanied by a considerable permeability for oxygen and humidity [27].  
Overall, vials, ampoules, and syringes are, for the most part, made out of glass tubes. Due 
to the manufacturing process of both the glass tube and the primary packaging container, 
the surface of the glass exhibits a different composition than the bulk material [28]. The 
surface of the glass resembles a fire-polished material, featuring roughness in the sub-
nanometer scale. An influence of surface roughness on protein adsorption, which should 
be taken into consideration when in the nanometer scale, is therefore assumed to be neg-
ligible [29]. However, defects from the manufacturing process as well as corrosion reac-
4 
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tions may lead to a significant roughening of the surface [30,31]. Furthermore, it has to be 
considered, that in the pharmaceutical field, glass containers are commonly cleaned, 
rinsed, and then subjected to a heat sterilizing or depyrogenizing step at 180 - 350°C 
directly before filling. This treatment can have a significant impact on the nature of the 
outermost glass surface due to the removal of contaminants or the alteration of the 
chemical glass composition. Although glass basically features high resistance, its surface 
chemically reacts with the liquid formulation. Thereby, the pH value is of particular 
importance. In an acidic medium, an exchange of H+ or H3O+ with the mobile cations Na+ 
or other network modifiers, such as K+, Mg2+, or Ca2+, occurs. As a consequence of the 
alkali or earth alkali release, the pH value in the solution increases. This can appreciably 
affect the stability of the respective biomolecule. On the other hand, hydroxyl ions of a 
basic solution are able to break up siloxane bonds, leading to a degradation of the glass 
matrix. Thereupon, Si(OH)4 or larger moieties all the way up to glass particles, as well as 
all other glass components such as boron or aluminum, can get into the drug solution. 
Through the autoprotolysis of water, the contact of glass with a solution at pH 7 equals a 
combined mechanism comprising a simultaneous acidic and alkaline attack. For kinetic 
reasons, the acidic attack predominates in the beginning and leads to an increase in the 
OH- concentration, whereupon an alkaline degradation can be triggered.  
 
1.5 Surface Modifications of Glass Containers for Parenteral 
Pharmaceuticals  
There are numerous ways to modify a glass surface, such as coatings or chemical modifi-
cations pursuing protective or different functional goals [32]. However, only a few are 
applied in the pharmaceutical industry. Among them, primarily the coating with silicon 
oil (siliconization) is of higher relevance [33]. This kind of hydrophobization is often 
applied to prefilled syringes as a lubricant for the rubber plunger in order to facilitate ease 
of movement within the barrel. Moreover, by adjusting the surface hydrophobicity, the 
drainability of the containers is improved and the glass surface stability with regard to the 
aforementioned corrosion effects is increased. However, siliconization, which is inevita-
bly associated with increased hydrophobic interactions, may be associated with an 
increased protein adsorption on the container surface [34]. Furthermore, despite the 
application of a thermal baking process, silicon oil may partially detach from the surface 
and get into the solution [35]. It is discussed that the formed droplets induce protein 
aggregation [36]. A recently developed plasma polymerization step could improve the 
deposition of hydrophobic layers on glass [37]. Another surface modification is a quartz-
like inner coating, which drastically reduces the amount of ions dissolved from the glass 
[38]. Several other surface coatings, among them coatings on the basis of polyethylene 
5 
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glycol (PEG), are described in literature to reduce protein adsorption on a wide range of 
materials, e.g. glass, plastic, and metal [39,40]. PEG chains form an extremely polar and 
well-hydrated surface that is free of charges in aqueous media. Hence, van-der-Waals 
interactions and (possibly) electrostatic and hydrophobic interactions are minimized. 
Polysaccharides and phospholipids are discussed as alternatives [41].  
 
1.6 Protein Adsorption at the Solid Liquid Interface  
Proteins are intrinsically surface-active and tend to accumulate at interfaces. The individ-
ual steps involved in the adsorption process of a protein molecule at solid liquid interface, 
as well as its detachment, are schematically depicted in Figure 1. One can differentiate 
between:  
 
  The transport of the protein molecule from the solution towards the surface by diffu-
sion and convection, influenced by the electrostatic potential of the solid surface.  
  The interaction of the protein with the surface. Protein attachment is driven by a 
decrease of the Gibbs energy in the system. Theoretically, the adsorption of a protein 
per se is a reversible step, whereas in practice, mostly irreversibility is observed. The 
reason behind this phenomenon is that proteins usually interact with the solid surface 
through a plethora of contact regions at the same time, depending on, for example,  
 
 
Native state 
conformation
Transport to
interfacial region



Attachment to
surface
Further structural
rearrangements
Steady state
perturbed structure
Desorption of
perturbed structure 
 
Figure 1: Schematic representation of the mechanism of protein adsorption on a solid surface 
(adapted from Norde and Haynes [42]). 
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their amino acid composition, their size, and their overall physical and chemical prop-
erties. Thereby, already changes in the proteins’ secondary or tertiary structure can 
emerge.  
  The optimization of the protein - surface binding. Over time, the number of interac-
tion points is further increased with the possibility of simultaneous molecular restruc-
turing. Especially on hydrophobic surfaces, alterations of the proteins’ secondary and 
tertiary structure often arise, caused by hydrophobic interactions.  
	  Desorption and the diffusion back into the solution. This is less probable for unfolded 
proteins than for native ones due to a high number of interaction points with the surface 
and a more stable binding after protein unfolding.  
 
The driving forces which facilitate protein adsorption were discussed by many authors 
[43-45]. They are basically equivalent to the forces that also account for the formation 
and the persistence of the proteins’ three-dimensional structure. Regardless of the mecha-
nism and the kinetics of the adsorption step, protein adsorption can only take place if the 
Gibbs energy G of the system decreases, provided that the temperature and pressure are 
constant [43]. The relation is depicted in Equation 1.  
 Δads G = Δads H – T · Δads S  <  0  (1) 
Therein, H, S, T, and Δads equal the enthalpy, the entropy, the absolute temperature, and 
the change in each thermodynamic function through the adsorption process, respectively. 
For a basic understanding of the adsorption process, it is important to know how differ-
ent kinds of interactions affect ΔadsG [45]. In the following, the most important interac-
tion types are outlined briefly.  
 
(a)  Interaction between electrical double layers (electrostatic interactions)  
Both the protein molecules and the sorbent surface are electrostatically charged. In an 
aqueous medium, they are surrounded by counter ions which neutralize surface 
charges and by which means an electrical double layer is formed. Electrostatic interac-
tions basically follow the Coulomb law. For systems that consist of multiply charged 
biomolecules and solid substrates, the resulting total electrostatic energy is equivalent 
to the sum of every single Coulomb pair [44].  
 
(b)  Changes in the hydration state (hydrophobic interactions) 
Nonpolar groups are generally forced back from the aqueous system since favorable 
interactions such as hydrogen bonding towards water molecules are largely or com-
pletely missing. The overall hydrophobic surface area of proteins with water contact 
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decreases through the adsorption of such groups to solid surfaces. Furthermore, the 
entropy in the system increases because the ordered orientation of water molecules in 
the proximity of the hydrophobic areas is also forced back. Thus, dehydration resem-
bles a driving force for adsorption. The principle of hydrophobic interactions is also 
reflected in the three-dimensional structure of proteins. While hydrophilic patches are 
directed outwards, i.e. towards the aqueous phase, hydrophobic residues largely shield 
themselves in the interior of the protein from hydrophilic interactions. As a final 
result, the adsorption tendency dramatically increases with increasing hydrophobicity 
of the protein surface [46] or with an increasing share of the hydrophobic protein 
interior in interaction with the solid surface after a possible protein unfolding step.  
 
(c)  Dispersion interactions 
Dispersive interactions, also known as London forces, are attractive forces. They are 
based on the permanent electron density fluctuation of an atom species which, in turn, 
polarizes the electron system of another species. Dispersive forces cannot be saturated 
but are rather additive in nature. These forces are the dominating ones among the 
three van-der-Waals force components: London forces, Keesom forces (interactions 
between permanent electric moments), and Debye forces (interactions between per-
manent and induced dipoles) [44].  
 
The actual binding energies of the above interaction components vary significantly. 
According to Auterhoff, ion-ion interactions amount to 5 - 80 kJ/mol, depending on the 
permittivity of the surrounding medium, whereas dipole - dipole interactions and H-
bonds add up to 1 - 30 kJ/mol. In comparison, dispersive interactions and hydrophobic 
interactions amount to approx. 2 kJ per mol methylene group [47]. According to Norde, 
the contribution from the hydrophobic amino acid dehydration inside the proteins is 
approx. 9.2 kJ/mol/nm2 with regard to hydrophobic interactions [43].  
It was described above that hydrophobic protein structures are largely located inside the 
proteins, although hydrophobic amino acids on the surface area of proteins are not 
exceptional. Nevertheless, hydrophilic areas are mainly located at the protein’s interface 
to the aqueous medium. This stabilizes the ordered α-helical and β-sheet structures. 
When the protein comes in contact with a hydrophobic surface, the hydrophobic interac-
tions inside the proteins lose their influence on the three-dimensional structure, and 
hydrophobic patches turn out from the interior of the protein towards the sorbent surface 
[43]. The promotion of protein unfolding and aggregation through hydrophobic surfaces 
was shown for insulin [48] and β-lactoglobulin [49]. Also the wetting behavior of the sur-
face, which is strongly associated with its contact angle and its hydrophobicity, directly 
affects the adsorbed amount of protein and the extent of structural alterations [50]. But 
ordered protein structures may also get notably lost when new hydrogen bonds are built 
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towards a polar interface. As a result, the conformational entropy of the protein increases 
and, as a consequence, adsorption increases as well [51]. In this regard, Arai and Norde 
observed appreciable adsorption of the structurally less stable α-lactalbumin on a hydro-
philic surface of the same electrical charge [52]. If both electrostatic attraction and hydro-
phobic interactions were missing, adsorption was mainly mediated through the entropy 
gain of adsorption-induced unfolding.  
 
1.7 Factors Influencing the Adsorption of Therapeutic Proteins on  
Solid Surfaces 
Protein adsorption is a highly complex process. With regard to therapeutic protein phar-
maceuticals, the extent of adsorption, as well as the structural stability and the irrevers-
ibility, predominantly depend on three key components, which are the protein, the solid 
surface, and the formulation composition. Norde classified proteins into “hard proteins” 
and “soft proteins” according to their adsorption behavior [53]. The former adsorb on 
hydrophilic surfaces only under electrostatic attraction. On the contrary, soft proteins are 
structurally more labile and adsorb on hydrophilic surfaces, even in the case of electro-
static repulsive conditions under structural reorientation. Besides stability factors, basic 
chemical properties of the proteins are of particular importance (see Table 2). The factors 
on the part of the sorbent surface chemistry, which influence the adsorption process, were 
for the most part already mentioned above in connection with the adsorption driving 
 
 
Table 2: A selection of important factors influencing the adsorption behavior of proteins on 
solid surfaces.  
Protein Sorbent surface Formulation 
 Surface distribution of 
amino acids 
 Molecule size 
 3D-structure in solution 
 (Net) charge and sign / 
location of protein IEP 
 Charge distribution on 
the protein surface 
 Protein stability 
 Chemical composition  
 Hydrophilicity / 
hydrophobicity  
 Interfacial energy 
 Charge (sign) 
 Charge density 
 Electron donator and 
acceptor potentials 
 Sterical influences 
(surface roughness) 
 pH value 
 Buffer type 
 Ionic strength 
 Polarity / dielectric 
constant 
 Excipients (like sugars, 
polyols and surfactants) 
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forces. Among others, these are charge, interfacial energy, and chemical composition. But 
also sterical properties in terms of surface roughness have shown to exert influence on the 
amount of protein bound [54].  
Various studies demonstrate that the composition of the protein formulation, especially 
the pH value of the aqueous solution, is of supreme importance for the adsorption behav-
ior. Provided a constant ionic strength, several protein adsorption studies denoted in lit-
erature exhibit pH-dependent adsorption maxima in the area of the isoelectric point of 
the respective protein [55-57]. This is typically explained by the increased protein stability, 
hence, by less space required per molecule at this pH, and by decreased electrostatic 
repulsion among the protein molecules, resulting in a denser packing on the surface. 
According to the common adsorption theory, the incorporation of charges in the defined 
contact area of a protein and the surface is energetically very unfavorable [43], and conse-
quently, maximum adsorption would be most likely reached if free charges of the protein 
and the surface exactly compensated each other. Therefore, an adsorption maximum at a 
pH different from the protein isoelectric point (IEP) is suggested. Another approach 
which could explain such an observation is provided by Xu et al., who argued that 
adsorption at conditions with an oppositely charged protein and surface increases due to 
an increased adsorption irreversibility [58]. The ionic strength of the protein formulation 
affects the aforementioned electrostatic interactions. For example, a high salt content can 
screen pronounced intermolecular repulsion forces and hence lead to an increased 
adsorbed amount of protein [59]. Besides, adsorption can be diminished by 15 - 90% 
through the addition of a surfactant, such as polysorbate 20, depending on the type of 
surfactant, its concentration, as well as the surface properties [60,61]. Sugars and polyols, 
which are often added to protein solutions, were described to show less or no adsorption-
reducing effect [62]. However, it is feasible to reduce the adsorption of the API-protein by 
the addition of another indifferent protein such as human serum albumin (HSA) due to a 
competitive adsorption effect, as concluded by Lassen and Malmsten for an IgG and 
fibrinogen [63].  
Proteins represent a very heterogeneous group of biomolecules, and generalizations con-
cerning their adsorption behavior are difficult. For example, proteins were described to 
adsorb in larger quantities on hydrophobic surfaces than on hydrophilic ones [46,64]. 
However, the opposite result was observed as well [46,65]. Furthermore, the protein net 
charge is not always determining, and proteins can bind strongly on surfaces wearing the 
same net charge as the protein [66,67]. Finally, the adsorption behavior of an unknown 
protein on the surface of interest cannot be reliably predicted.  
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1.8 Characterization of Protein Adsorption on Solid Surfaces  
A large number of investigations dealt with protein adsorption phenomena on solid 
surfaces. Special focus was on the total amount adsorbed, the adsorption kinetics, the 
reversibility of adsorption, morphology, and thickness of the protein layer, but also on the 
organization and orientation of molecules on the surface, as well as the extent of struc-
tural alterations. Typically, model proteins are utilized for adsorption studies. Their selec-
tion depends on different aspects, which, besides price and availability, involve intrinsic 
protein properties, such as IEP, shape, and stability. The selection of substrates conforms 
to the same principles. Model surfaces have a limited practical relevance but provide 
more fundamental and comparable results and allow the application of special methods. 
Oxidized silica (SiO2) wafers are frequently utilized as hydrophilic model surface because 
they exhibit a very low surface roughness and because they are optically reflecting and 
very well characterized [58]. The following examples served as hydrophobic model sur-
faces: Cx-derivatized SiO2 [68], polystyrene [69,70], or polytetrafluoroethylene (PTFE) 
[71]. In adsorption studies, the use of dispersive materials was also described, such as sili-
con dioxide micro and nanoparticles [72,73], polystyrene latices, or sols of silver iodide, 
hematite, silica, or polyoxymethylene [74]. To the contrary, adsorption studies on non-
ideal solid surface were described by Duncan et al., who studied protein adsorption on 
borosilicate glass vials and glass beads [10]. The adsorption of protein on glass surface has 
already been subject to investigations some decades ago [1]. Mizutani studied protein 
adsorption on porous glass as a model for glass containers [75,76]. Among the few further 
studies that dealt with protein binding on pharmaceutical surfaces, Qadry et al. investi-
gated the adsorption behavior of proteins on plastic Resin CZ® vials [27]. Beyond that, 
several reviews give an overview of materials, methods, and proteins possible for adsorp-
tion investigations [77,78].  
Measuring the protein concentration decrease in the “supernatant” liquid with the aid of 
coloring assays, high performance liquid chromatography (HPLC), or other quantifica-
tion techniques is the simplest way to quantify adsorbed protein (solution depletion 
method). If a sufficiently large surface area is not available, protein is often radiolabeled 
with e.g. 125I to increase sensitivity, which in addition represents a relatively precise refer-
ence quantification method. However, such a labeling step may have adverse effects on 
the structure and hence also on the adsorption behavior of proteins [79]. In quantitative 
adsorption measurements of salmon calcitonin on borosilicate glass, Duncan et al. found 
comparable results with a colorimetric protein assay, an HPLC procedure, and a radio-
labeling method [80]. However, it turned out that these techniques differ in their applica-
ble concentration range, their performance, and their versatility. Because of their high 
surface sensitivity, also spectroscopic ultrahigh vacuum techniques such as X-ray photo-
electron spectroscopy (XPS) can be used to quantify adsorbed protein in a direct way [70]. 
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Additional information on the structure and the organization [81], as well as on the 
surface coverage rate and the layer thickness of the protein adsorbate, can be gained [82]. 
However, it has to be mentioned that the protein layer and its structure is extensively 
altered by drying [83].  
In order to receive meaningful quantification results of adsorbed protein, equilibrium 
conditions in the adsorption process are crucial. Many of the above-mentioned methods 
are suited for the investigation of protein adsorption kinetics. In the field of spectroscopic 
methods, ellipsometry has become important for the investigation of protein adsorption 
kinetics [84,85]. The new generation techniques are based on the perturbation of an eva-
nescent electromagnetic field decaying from the adsorbent surface into the bulk solution 
[86]. Examples of modern methods applied are optical waveguide lightmode spectroscopy 
(OWLS) [87] or surface plasmon resonance (SPR) [88]. Taking HSA as an example, pro-
tein adsorption kinetics and hydration phenomena have recently been studied by using 
quartz crystal microbalance (QCM) systems, which, in addition, provide information on 
adsorption reversibility, distribution, and structural alterations [89]. Authors found 
adsorption equilibria on hydrophilic surface after approx. 1 h. On hydrophobic surfaces, 
time frames for reaching adsorption equilibria were between 1 h (ellipsometry) [90] and 
6 h (QCM) [89]. However, a fundamental knowledge of protein adsorption kinetics offers 
by far more profound information on the whole adsorption process than only the point of 
adsorption equilibrium. This has been reviewed elsewhere [91,92].  
Another important issue is the investigation of the structure of adsorbed proteins. It has 
been mentioned before that protein structures are often altered in the course of adsorp-
tion and are subject to the type and number of protein - surface interactions, particularly 
when the protein is in contact with hydrophobic surfaces. By means of ellipsometric 
measurements, for instance, one can infer structural alterations of the adsorbed protein 
from the changes of the refractive index or from the film density variations [93]. In this 
regard, primarily the surface properties are of particular importance. By using fluores-
cence spectroscopy, Maste et al. demonstrated the absence of structural changes for a 
bacterial serine protease adsorbed on hydrophilic silica, but not on hydrophobic Teflon® 
particles [94]. Moreover, alterations of the secondary structure of fibrinogen could be 
demonstrated with the aid of Fourier transform infrared (FT-IR) spectroscopy after 
adsorption on hydrophobic, but again not on hydrophilic surface [95]. However, a 
decrease in the β-sheet content of adsorbed IgG and the corresponding F(ab’)2 fragments 
was found on both hydrophobic and hydrophilic SiO2 surfaces, using attenuated total 
reflection (ATR) FT-IR spectroscopy [96]. Partial unfolding of lysozyme adsorbed on 
SiO2 could be proven by total internal reflection fluorescence spectroscopy (TIRF) [97]. 
The latest techniques utilize extrinsic fluorescence dyes which bind to hydrophobic pro-
tein structures. By using 8-anilino-1-naphtalene-sulfonate (ANS), Bilsten et al. revealed 
changes in the structure of human carbonic anhydrase II after adsorption to SiO2 nano-
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particles [98]. Another technique with regard to protein structure is the molecular imag-
ing of adsorbed molecules under physiologic conditions by means of atomic force micros-
copy (AFM). Protein unfolding and denaturation was inferred from film thickness evalu-
ations and a subsequent comparison with X-ray crystallographic data [99]. Moreover, the 
authors elucidated the adsorption process and observed a nucleation phenomenon of 
antibodies on the surface with a preferential binding of new molecules. Others visualized 
randomly distributed antibody aggregates with a diameter of 25 - 150 nm [100].  
 
 
2 OBJECTIVES OF THE THESIS 
The goal of this thesis was to investigate the adsorption of a monoclonal IgG1 antibody 
on primary packaging material, mostly on uncoated vials made of borosilicate glass, but 
also on siliconized glass vials and plastic vials. These represent the most common materi-
als for packaging of parenteral drugs. The first main objective was to find suitable ways to 
quantify adsorbed protein and to investigate influencing parameters. An accurate and 
robust routine quantification method for adsorbed protein had to be developed and vali-
dated, which should be suitable as a routine examination technique (Chapter 2). In addi-
tion, it was our intention to reveal the main parameters which affect the final adsorbed 
quantity, regarding both the solid substrate (Chapter 3) and the protein formulation 
(Chapter 4). Firstly, parameters like surface hydrophilicity/hydrophobicity and the kind 
of surface pretreatment prior to the adsorption experiment needed to be analyzed. Sec-
ondly, the influence of solution pH, ionic strength, and the addition of selected excipients 
with an alleged effect, such as sugars, polyols, and surfactants had to be taken into consid-
eration. Within the scope of adsorption isotherm investigations, the mathematical 
description of the adsorption processes by at least one theoretical adsorption model was 
pursued. The aim was to evaluate the adsorption affinity and the cooperative binding 
behavior, as well as to prove the previously established adsorption theories (Chapter 5). 
The confirmation of the achieved adsorption results, space-resolved information, as well 
as more profound information on the glass substrate chemistry were goals to be accom-
plished through additional sophisticated spectroscopic analytics (Chapter 6). A second 
main objective was the imaging of the protein adsorbates on the surface, as well as the 
elucidation of the structural integrity of adsorbed proteins, taking the pH value of the 
protein formulation into particular consideration (Chapter 7). Finally, this thesis should 
clarify the trilateral relation of protein, solid surface, and formulation composition, 
mostly concerning monoclonal IgG1, borosilicate glass, and typical formulation composi-
tions, with respect to surface adsorption quantities and associated consequences 
regarding structure and stability.  
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Chapter 2   
 
Development of Sensitive Methods for the Quantification of 
Protein Adsorption to Pharmaceutical Containers  
 
Abstract 
The fundamental adsorption behavior of a monoclonal IgG1 antibody (IgG1) from a 
common formulation was studied on the internal surface of borosilicate glass packaging 
vials. For this purpose, a standardized adsorption procedure was created. In addition, 
sensitive analytical methods tailored to the particular needs of an accurate quantification 
of proteins adsorbed in containers were developed. The first one was based on thorough 
desorption through the use of sodium dodecyl sulfate (SDS), followed by quantification 
via size exclusion high performance liquid chromatography (SE-HPLC) combined with 
fluorescence detection. The second approach pursued the exhaustive hydrolyzation of 
adsorbed proteins and the measurement of total organic carbon (TOC) content. The suit-
ability of both methods for their intended purpose was verified by validating according to 
the ICH guideline. Both procedures proved to be superior to commercial protein quanti-
fication assays concerning their applicability for the problem. This was exemplified by 
means of relevant characteristics like linearity, limit of quantification, and limit of detec-
tion. Finally, the extent of IgG1 adsorption could be accurately determined. The adsorbed 
IgG1 quantities in borosilicate glass vials measured with TOC after protein hydrolyzation 
correlated with those obtained by using surfactant-desorption combined with SE-HPLC 
quantification. The equivalence of both procedures and thus the plausibility of the find-
ings could be verified. Moreover, the measured values were in line with those described in 
literature for IgG adsorption on hydrophilic silica.  
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1  INTRODUCTION 
The phenomenon of protein adsorption is very complex. Besides time-dependent changes 
in the protein orientation and conformation upon adsorption, predominantly the quan-
titative description of the adsorbed amount and possibly the rate of adsorption are of 
particular interest. Since an individual method is not capable of giving an overall picture 
of the adsorption process, a multi-technique approach is required [1]. Of all the well-
established methods, only very few are applicable for investigating the problem of protein 
adsorption on pharmaceutical container surface. The difficulty is to follow protein ad-
sorption on a rather small and non-ideal surface in terms of geometry, surface properties, 
and chemical composition. In this chapter, the focus will be set on the challenging quanti-
fication problem of proteins on container surfaces.  
In literature, many techniques are described that are suitable for a sensitive quantification 
of adsorbed protein. The most common are ellipsometry [2,3], X-ray photoelectron spec-
troscopy (XPS) [4], detection of radiolabeled proteins [5-7], and the solution depletion 
approach [8,9]. Ellipsometry as a non-destructive method is the most common technique 
for monitoring in situ protein adsorption [10]. Furthermore, common applications of this 
method are the determination of layer thickness [11] and the quantification of the ad-
sorbed protein [12,13]. From our experience, the main problem with ellipsometry arises 
from the curved surface geometry of the vial wall and the non-exact planarity of the vial 
bottom, as mentioned above (data not shown). XPS is a well established and very surface-
specific technique which allows sensitive measuring of adsorbed protein films [14]. How-
ever, the method is inevitably limited by the necessary ultrahigh vacuum. It has been 
pointed out that vacuum leads to alterations in the protein film shape and in layer thick-
ness, in contrast to the situation in aqueous environment [15,16]. Because XPS requires a 
rather high level of effort in sample preparation and “technical devices”, it was not 
selected as our routine method for protein quantification. For further applications con-
cerning XPS measurements, see Chapter 6. A highly accurate method, especially for 
investigating a small surface area, is radioactive labeling of proteins, most commonly with 
125I, 131I, or 14C. It is an accepted and reliable way to determine the absolute amount of 
adsorbed protein [1] and is therefore often used as a reference method. However, the 
labeling step itself may have adverse effects on the protein structure and therefore may 
influence the overall adsorption behavior of proteins [8,17,18]. In addition, the handling 
of radioactive material requires special expenditure on the involved equipment. This 
especially applies to γ-emitting nuclides.  
Without doubt, the most straightforward approach to determine the portion of adsorbed 
protein is measuring the depletion of proteins in solution. The concentration is measured 
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Figure 1: Adsorption isotherm of IgG1 on borosilicate glass vial surface determined at high 
affinity conditions leading to high IgG1 surface concentrations (n = 3).  
 
before and after incubation, and the adsorbed quantity is obtained from the mass balance. 
Thus, one would most likely favor the latter method for the sole purpose of quantification. 
But in this regard, a mandatory requirement is a sufficiently large surface area. In our case, 
this implies the use of a rather small container size providing the highest surface-to-vol-
ume ratio. However, the solution depletion method would not lead to success if protein 
adsorption was analyzed at surface saturation conditions. The dilemma will be illustrated 
by an example. The magnitude of protein adsorption depends on the bulk concentration, 
as will be discussed later in further detail (Chapter 5). Figure 1 shows a high affinity iso-
therm of a monoclonal IgG1 antibody (IgG1) in 2R borosilicate glass vials. The adsorp-
tion conditions were chosen so that they led to very high adsorbed amounts. At IgG1 
solution concentrations of 2 mg/ml, surface saturation was virtually reached. A thereby 
associated surface concentration of 5.2 mg/m2 equals a protein quantity of 7.0 μg, by 
which the protein concentration in the vial is reduced. With a filling volume of 3.5 ml, the 
overall quantum of 7.0 mg is reduced by 0.1%, which is inside the range of typical analyti-
cal errors and would therefore not be resolved (a). If, for example, a concentration reduc-
tion by 10% should be measured, an equilibrium concentration of 52 μg/ml is required. 
But, as is indicated by Figure 1, at this point, saturation has not been reached and the iso-
therm is still in its initial phase (b). Concerning the commonly used solution depletion 
method, the error in adsorbed protein quantity strongly depends on the protein concen-
tration and increases especially at high concentration levels, which are, however, common 
for antibody formulations. For this reason, proteins are preferably quantified in a direct 
manner, while protein modifications and labeling are avoided.  
The practicability of quantification directly on surfaces is delicate, as already mentioned. 
By contrast, the method of choice is intended to be universally applicable on the diversity 
of packaging containers and proteins. One approach is based on a thorough removal of 
the molecules from the internal surface, followed by a sensitive quantification of the for-
23 
Chapter 2 
 
merly adsorbed molecules. For desorption of proteins from solid surfaces, charged surfac-
tants are well suited. The strongest eluting force for proteins on glass was ascribed to 
sodium dodecyl sulfate (SDS) [19]. Size exclusion high performance liquid chromatogra-
phy (SE-HPLC) is a routine method in protein analytics and combines a number of 
advantages like low detection limits, high reproducibility, automatized processing, and 
high flexibility in terms of the post-chromatographic detection system. Therefore and for 
reasons of practicability, the combination of SDS protein desorption and SE-HPLC 
quantification was chosen as a possible procedure for adsorption quantification of IgG1 
on container surfaces. However, the validity of this technique had to be verified by alter-
native methods. An acid-catalyzed total hydrolyzation step of adsorbed proteins was 
therefore applied, which simultaneously accomplished desorption of the protein from the 
solid surface. It was directly followed by highly sensitive total organic carbon (TOC) 
determination.  
Newly implemented analytical approaches have to be validated and it needs to be shown 
that the procedure is suitable for its intended purpose [20]. According to the ICH guid-
ance document “Validation of Analytical Procedures Q2(R1)” [20], various investigations 
need to be made pertaining to the particular directive. These are verification of linearity, 
determination of accuracy and precision/repeatability, determination of detection and 
quantification limits, verification of the robustness of the analytical method, as well as 
system suitability testing, all within the specified range, which in our case is defined from 
0 to +20% above the maximum value expected. In the following, at first the validity of 
both the SE-HPLC and TOC quantification methods is verified by comparing these meth-
ods with other common protein quantification assays. Afterwards, the focus is on the 
development of an appropriate incubation, rinsing, and desorption method for the pur-
pose of a standardized investigation of protein adsorption to packaging containers.  
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2  MATERIALS AND METHODS 
2.1  Materials 
2.1.1  Protein Formulation  
For adsorption experiments, a monoclonal IgG1 antibody (MW ≈ 152 kDa) in 10 mM 
phosphate buffer and 145 mM NaCl (pH 7.2) was used, kindly provided by Merck Serono 
(Darmstadt, Germany). A second antibody was used within the scope of comparative 
studies. Human IgG from pooled serum (h-IgG) was purchased as a lyophilized powder 
from Sigma-Aldrich (Steinheim, Germany) and dissolved in the analogous buffer solution. 
The solutions were filtered through a hydrophilic 0.2 μm polyethersulfone membrane 
filter (Pall GmbH, Dreieich, Germany) before use.  
 
2.1.2  Glass Vials and Closure Systems 
Fiolax® 2R borosilicate glass vials with an overflow capacity of approx. 4 ml were used, 
kindly provided by SCHOTT AG (Mainz, Germany). The glass material is composed of 
approx. 75% SiO2, 8 - 12% B2O3, and up to 5% alkaline earths and alumina (Al2O3) [21]. 
The glass quality is further described as glass type 1 Ph. Eur. Glasses were washed in a vial 
washing machine FAW 500 from Bausch & Stroebel GmbH & Co. KG (Ilshofen, Ger-
many) with ultrapure water and heat sterilized at 250°C for 1 h before use. After filling, 
the glass vials were closed with FluroTec® stoppers and finally sealed with Flip-Off® seals, 
both kindly provided by West Pharmaceutical Services GmbH & Co. KG (Eschweiler, 
Germany) 
 
2.1.3 Chemicals / Excipients 
The eluent for SE-HPLC analysis was a PBS buffer consisting of 10 mM NaH2PO4/ 
Na2HPO4 and 145 mM NaCl (Merck Chemicals, Darmstadt, Germany). The pH value was 
adjusted to 7.2 by using 1 M NaOH or HCl (Sigma-Aldrich, Munich, Germany). Sodium 
dodecyl sulfate (Sigma-Aldrich, Munich, Germany) was added in different amounts to 
the buffer. The buffers were finally filtered through a hydrophilic 0.2 μm polypropylene 
membrane filter (Pall GmbH, Dreieich, Germany). Water for all buffers and applications 
was ultrapure water (0.055 μS/cm) from a Purelab Plus UV/UF system (ELGA LabWater, 
Celle, Germany) and was filtrated through a 0.22 μm membrane filter before use. The 
typical total organic carbon (TOC) level was 14.8 ± 1.4 ppb. Protein hydrolyzation was  
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performed with 6 M HCl, prepared by dilution of a concentrated (32%) HCl solution 
(Merck Chemicals, Darmstadt, Germany). All chemicals used were of analytical grade. 
 
2.1.4 Test Tubes 
Typical protein handling like dilution and sample preparation was done in 2 ml polypro-
pylene Safe-Lock® microcentrifuge tubes (Eppendorf AG, Hamburg, Germany). Addi-
tional containers were 15 ml and 50 ml polypropylene tubes (GreinerBio-One GmbH, 
Frickenhausen, Germany). TOC measurements were conducted by using 40 ml device-
specific, low TOC certified vials (< 10 ppb C) from GE Analytical Instruments (Boulder, 
CO, USA), equipped with a septum cap.  
 
2.2 Methods 
2.2.1 SE-HPLC 
SE-HPLC was performed on an Agilent 1100 (Agilent Technologies GmbH, Boeblingen, 
Germany) equipped with a Tosoh TSKgel G3000SWXL and a TSKgel SWXL guardcol-
umn (Tosoh Bioscience GmbH, Stuttgart, Germany). The eluent was a PBS buffer (de-
scribed above) containing SDS. Aside from the integrated variable wavelength UV detec-
tor, a Thermo Spectra 3000 fluorescence detector was included via an Agilent 35000E 
A/D-signal converter. All chromatograms were integrated manually by using the Agilent 
ChemStation software Rev. B 02.01 (Agilent Technologies GmbH, Boeblingen, Germany).  
 
2.2.2 UV Spectroscopy 
UV absorption measurements were conducted on a Thermo Spectronic UV 1 spectropho-
tometer from Thermo Electron Corporation (Dreieich, Germany). For protein content 
determination, UV absorption was determined at λ = 280 nm by applying an extinction 
coefficient of 1.40 cm2/mg.  
 
2.2.3 Fluorescence Spectroscopy 
Fluorescence characteristics of the protein-containing samples were investigated by using 
a Varian Cary Eclipse fluorescence spectrophotometer (Varian Deutschland GmbH, 
Darmstadt, Germany). The IgG concentration was fixed at 0.05 mg/ml corresponding to 
an absorbance of 0.07 at 280 nm. For the determination of the maximum fluorescence 
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intensity, emission spectra were recorded from 310 - 410 nm and the excitation wave-
length was increased iteratively in steps of 0.5 nm from 260 - 308 nm. Samples were mea-
sured in standard 10 x 10 mm quartz fluorescence cuvettes at 25°C. Excitation and emis-
sion bandwidth were both set to 5 nm. The typical scan rate was 30 nm/min (data interval 
0.5 nm, averaging time 1.0 s). The PMT-voltage was set to 600 V.  
 
2.2.4 Micro BCA™ Protein Assay Kit  
The micro BCA (mBCA) assay used was purchased from Pierce Biotechnology Inc. 
(Rockford, IL, USA). It is based on the peptide bond mediated stoichiometric reduction 
of Cu2+ to Cu+, followed by a coloring reaction with bicinchoninic acid. The absorbance 
was measured in 10 x 10 mm quartz cuvettes at 562 nm. According to the specification, 
the assay has a linear working range from 0.5 - 20 μg/ml protein.  
 
2.2.5 Calbiochem Non Interfering Protein Assay 
The copper-based Calbiochem Non Interfering Protein Assay (NI-assay) was purchased 
from Merck Chemicals (Darmstadt, Germany). In contrast to the mBCA assay, the excess 
of Cu2+ over the amount of peptide bonds is quantified via a color-producing reagent not 
further specified. Absorbance was measured in 10 x 10 mm quartz cuvettes at 480 nm. 
The assay is specified to a linear response from 0.5 - 50 μg protein and was done without a 
precipitation step, since the solutions did not contain any interfering agents.  
 
2.2.6 Analysis of Total Organic Carbon  
TOC analysis was applied on a Sievers 900 laboratory TOC analyzer (GE Analytical 
Instruments, Boulder, CO, USA). The measuring principle of this device is the oxidation 
of carbon species to CO2 by a persulfate reagent combined with UV radiation. CO2 is 
measured by “membrane conductometric detection”. The device is split in two circuits, 
whereas inorganic carbon (IC), e.g. carbonate, is determined after acidification with 
phosphorous acid. The TOC content is calculated by Equation 1, where TC equals the 
total carbon content of the solution.  
 TOC = TC – IC (1) 
Before each analysis, the device was thoroughly rinsed with the sample liquid. Four inde-
pendent measurements per sample were conducted. The first one was rejected and the 
remaining three were averaged.  
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2.2.7 Surface Tension Measurements 
Surface tension measurements for the determination of critical micelle concentrations 
(CMC) were performed on a K100 MK2 tensiometer (Kruess GmbH, Hamburg, Ger-
many). The device was equipped with a microprocessor-controlled dispenser, Metrohm® 
765 Dosimat (Deutsche Metrohm GmbH & Co. KG, Filderstadt, Germany), and a 
temperature-controlled water bath Julabo F12 (Julabo Labortechnik GmbH, Seelbach, 
Germany). The Wilhelmy plate method was applied at 25°C. The Kruess LabDesk 3.1 
software was used for control and curve analysis.  
 
 
3 RESULTS AND DISCUSSION 
3.1 Development and Optimization of a Standardized Quantification 
Method 
Before any adsorption experiment could be accomplished, a highly sensitive, accurate, 
and robust quantification assay had to be developed. The need for a preferably low 
quantification limit arose from the quantum of adsorbed IgG attained on glass surface. 
Typical values for IgG adsorption on hydrophilic silica have been found in the area from 
1.1 mg/m2 [22], 2.3 mg/m2 [23], 4.0 mg/m2 [24] to 5.5 mg/m2 [25], depending on time, 
concentration, pH, and ionic strength. From the dimensions of 2R vials and by implying a 
filling volume of 3.5 ml, the wetted surface area was calculated as 13.4 cm2. Thus, effective 
IgG1 concentrations in the range of approx. 0.5 - 2.5 micrograms per milliliter after a 
thorough desorption were expected.  
 
3.1.1 Determination of Fluorescence Properties of IgG1 and h-IgG 
In general, intrinsic fluorescence of proteins can be used for their sensitive quantification 
[26]. For an automated and highly reproducible quantification, SE-HPLC with fluores-
cence detection was preferred. Concerning HPLC, fluorescence detectors are amongst the 
most sensitive LC detectors [27]. One limitation may be its restricted linear response over 
a concentration range of two orders of magnitude only [27]. However, in our case, fluo-
rescence measurements for LC detection are limited by the lower concentration threshold. 
For obtaining the highest fluorescence response and the best sensitivity in protein quanti-
fication later on, the spectral properties including the quantum efficiency of both IgGs 
had to be evaluated thoroughly. Especially the effect of SDS on the fluorescence behavior 
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of the proteins had to be identified, as SDS was an essential part of the following methods. 
Both IgG1 and h-IgG were analyzed in two different buffer solutions, PBS pH 7.2 and 
PBS pH 7.2 containing 0.05% SDS. Therefore, emission spectra were recorded from 310 -
410 nm and the excitation wavelength was successively increased from 260 - 308 nm. 
Thus, the correlating wavelength pairs λex / λem of maximum quantum yield could be 
determined. The 3D-fluorescence spectra are shown in Figure 2.  
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Figure 2: Fluorescence characterization of IgG1 and h-IgG; plots show fluorescence spectra of 
IgG1 in (a) PBS buffer and (b) PBS buffer containing 0.05% SDS as well as fluorescence spectra 
of h-IgG in (c) PBS buffer and (d) PBS buffer containing 0.05% SDS. 
(a) (b)
(d)(c) 
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Table 1: Fluorescence characteristics of IgG1 and h-IgG dissolved in PBS buffer and PBS buffer 
containing 0.05% SDS.  
Protein (dissolved in) λex maximum (nm) λem maximum (nm) 
IgG1 (PBS buffer) 279.5 333.0 
IgG1 (PBS buffer + 0.05% SDS) 279.5 338.0 
h-IgG (PBS buffer) 279.0 337.0 
h-IgG (PBS buffer + 0.05% SDS) 279.5 337.0 
 
With respect to the surfactant-free samples, it becomes obvious that human pooled IgG 
exhibits a higher quantum yield than the monoclonal IgG1. In either instance the fluores-
cence intensity was further increased by the addition of SDS. This is most likely caused by 
a decreased intramolecular quenching as a consequence of structural reorganizations aris-
ing from SDS binding. This increased fluorescence response improves the sensitivity 
when IgG is quantified. Moreover, the 3D-plots reveal a slight broadening effect in the 
fluorescence maximum area, induced by the surfactant. As for IgG1, the emission maxi-
mum was red-shifted, suggesting drastic structural alterations. For h-IgG, the emission 
wavelength maximum was generally found at longer wavelengths of 337 nm, but no shift 
could be observed upon the addition of SDS. The excitation wavelength causing the high-
est fluorescence intensity was consistently located at 280 nm, in accordance with the UV 
absorption maximum. A summary of the fluorescence characteristics is shown in Table 1.  
As standard setting for IgG detection in SE-HPLC, a wavelength pair of 280 nm (excita-
tion) and 334 nm (emission detection) was chosen. The latter value lies between the fluo-
rescence maxima determined for IgG1 and h-IgG. Overall, differences in fluorescence 
intensities for both proteins were only marginal, and no adverse effect for a sensitive 
quantification was expected.  
 
3.1.2 Validation of a New SE-HPLC Method for Sensitive IgG Quantification  
SE-HPLC, which is a standard method for the investigation of protein stability, can be 
used for the quantification of proteins. In our case, a Tosoh TSKgel 3000 SWXL with a 
TSKguardcolumn SWXL (Tosoh Bioscience GmbH, Stuttgart, Germany) as an appropri-
ate column set for IgG was utilized. The chromatographic parameters were adapted ade-
quately in order to improve the overall sensitivity. First, the injected sample volume and 
therefore the protein quantum analyzed per chromatographic run had to be increased. 
Best results were found for an injection volume of 400 μl, accomplished by multiple draw-
ing. In a second step, the most sensitive detection system had to be evaluated. Therefore, 
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UV detection, by applying absorption at 280 nm, where mainly tyrosine and tryptophan 
absorb, was compared with fluorescence detection at the wavelengths settings evaluated 
above (see 3.1.1). UV absorption measurements of amide bonds in the area of 210 -
220 nm were not attempted, since they are rather subject to interference with biological 
compounds and buffer solutions [28]. Although, according to the buffer composition, 
interference was not expected [28], the results, particularly the linearity derived at 210 nm, 
were not completely satisfying. Best results provided fluorescence detection, not necessar-
ily due to a better signal-to-noise ratio but rather because of the specificity for protein. 
Especially at low protein concentrations, the UV signal was overlaid by significant peaks 
originating from the buffer matrix. The remaining chromatographic parameters were 
suitably adjusted. The flow was set to 0.75 ml/min, and the duration of a chromatograph-
ic run was set to 50 min. The eluent composition equaled the formulation buffer of IgG1 
(PBS buffer pH 7.2). Accessorily, SDS in a final concentration of 0.05% (1.73 mM) was 
added. The application of SDS in SEC was investigated before [29-31]. According to the 
authors, SDS in denaturing SEC leads to a better resolution, an extended linear range, and 
an increased accuracy [32]. Reducing the adsorption tendency on column packaging ma-
terial is crucial. While high salt contents are commonly used in native SEC, also deter-
gents notably stop protein hydrophobic interactions with silica matrices. In addition, 
denaturing mobile phases are described as helpful in disrupting non-covalent protein -
protein interactions [32]. In our case, SDS was, among others, added for the purpose of 
desorption of the adsorbed proteins, which will be commented on explicitly in 3.2.2. Since 
the desorption liquid equals the mobile phase of the SEC in terms of composition, the 
quality of the chromatographic spectra was further improved.  
It was mentioned introductorily that the quantity of IgG adsorbed per 2R vial would at 
the most be about 7 μg. With a vial fill volume of 3.5 ml, the concentration of desorbed 
protein would be less than approx. 2 μg/ml. For the benefit of maximum flexibility con-
cerning the adsorbed quantity, container material and geometry, the validated range was 
generously defined from 0.1 to 10 μg/ml. The linearity was studied for both IgG1 and h-
IgG. Each value was prepared and measured in triplicate and the results are depicted in 
Figure 3. The correlation coefficient reflects an excellent linearity for both IgG fractions. 
The slope of h-IgG was less than the slope of IgG1. According to the fluorescence charac-
terization, however, a higher quantum yield and therefore higher fluorescence intensities 
of h-IgG were expected. Most likely the lamp intensity of the fluorescence detector 
decreased distinctly in the period of several weeks between the two investigations. None-
theless, the quality of linearity was thereby unaffected, as shown in Table 2, but the calcu-
lated limits of quantification and detection were indeed affected (see 3.1.4).  
 
 
31 
Chapter 2 
 
 
Table 2: Linear regression parameters by least 
square approach. 
 Slope y-intercept R 
IgG1 118.6 -0.5 0.9999 
h-IgG 108.4 -2.2 0.9999 
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Figure 3: 10-Point linearity of IgG1 and h-IgG using the SE-HPLC quantification method with 
fluorescence detection at 280 nm / 334 nm for both proteins in the range from 0.1 - 10 μg/ml 
(n = 3). 
 
Table 3: Day 1 percent recoveries obtained from HPLC assay (n = 3 per concentration). 
Theoretical IgG1 content 
(μg/ml)a 
Theoretical 
response (a.u.) 
Observed 
response (a.u.) 
Percent 
recovery (%) 
RSD 
(precision) (%) 
0.2034 23.7  24.5  103.3 2.2 
1.0171 120.2  122.2  101.7 2.3 
8.1368 964.4  965.6  100.1 1.6 
a based on UV absorption measurement  
Table 4: Day 2 percent recoveries obtained from HPLC assay (n = 3 per concentration). 
Theoretical IgG1 content 
(μg/ml)a 
Theoretical 
response (a.u.) 
Observed 
response (a.u.) 
Percent 
recovery (%) 
RSD 
(precision) (%) 
0.1958 22.8  22.5  98.7 8.3 
0.9788 115.6  114.6  99.1 1.7 
7.8301 928.1  919.2  99.0 1.6 
a based on UV absorption measurement 
Table 5: Time-course study of IgG1 dissolved in PBS buffer pH 7.2 containing 0.05% SDS, 
stored in HPLC glass vials at 25°C for the indicated time.  
Observed response (a.u.) IgG1 content 
(μg/ml)a 
Theoretical 
response (a.u.) 0 h 6 h 32 h 72 h 
Mean 
recovery (%) 
RSD (%) 
(precision)
0.2198 25.6 26.5 26.2 26.2 26.1 102.5 0.7 
a determined from UV absorption measurement (stock solution) 
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Accuracy and precision/repeatability were assessed according to the ICH document 
Q2(R1) [20], which recommends a minimum of nine determinations over a minimum of 
three concentration levels. To evaluate the repeatability, each measured value came from 
a freshly prepared dilution. Tables 3 and 4 provide the results of two independent tests on 
different days. Obviously, in the case of lower concentrations, the recovery differs more 
from the expected value, and the precision becomes poorer. The reason for this is an 
increased error in dilution and peak integration. However, the quantitative analysis of 
concentrations in the common range is precise and accurate.  
The influence of storage time on the analyte in borosilicate HPLC-vials was investigated 
next. Low concentrations of IgG1, which were considered most critical, were prepared in 
SDS desorption buffer and filled into separate vials. Analysis covered a timeframe of 
3 days, an internally set maximum for HPLC-analysis. As shown in Table 5, a high preci-
sion could be achieved. It can be concluded that IgG is prevented from adsorption due to 
the addition of SDS. The device-specific variations were in an acceptable range. Therefore, 
the lack of precision in low concentrations (shown above) was not due to adsorption 
effects but was most likely caused by dilution errors.  
Altogether, the quantification method depicted above is robust in terms of sample stabil-
ity and provides good recoveries and precision down to the upper nanogram range. It was 
considered sufficiently accurate for the quantification of adsorbed quantities after desorp-
tion and was implemented as the standard quantification method within the scope of this 
work. In order to avoid device-specific or environmental errors, as well as day-to-day 
variations, an independent calibration curve in the form of external standards was re-
corded in every HPLC batch run.  
 
3.1.3 Validation of a New Total Organic Carbon Analysis Method for Sensitive 
IgG Quantification  
At least one sensitive reference method with respect to the SE-HPLC quantification of 
desorbed protein within the vial had to be established. Moreover, there was the need for 
an alternative desorption method which proves the completeness of desorption by means 
of SDS. In the following, the implementation and validation of a new TOC-based method 
for the quantification of adsorbed protein is described.  
TOC analysis is an approved and widely used method for monitoring water quality [33]. 
Furthermore, it is a suitable, FDA-accepted method for e.g. monitoring residual sub-
stances in cleaning validation [34,35]. Its applicability as a sensitive and reliable method 
to determine protein concentrations could be shown before as well [36,37]. Since, in our 
case, TOC analysis was intended to be applied for the quantification of IgG1 on surfaces, 
an appropriate desorption step had to be involved. SDS desorption was excluded since the 
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organic molecule would account for and influence the overall TOC value. For this reason, 
the exhaustive hydrolysis of adsorbed protein molecules was used instead and was derived 
from a standardized hydrolyzation procedure [38-40]. The vials containing adsorbed pro-
tein were filled with 200 μl of 6 M HCl and closed with FluroTec® stoppers, which were 
acid-resistant. Vials were crimped and finally heated to 110°C for 24 h without the addi-
tion of further reagents. After removal of the acid in a desiccator which contained drying 
agent and NaOH pellets, the vials were filled with 3.75 ml of TOC-grade water, and the 
hydrolysis products were dissolved during 15 min of sonication. To achieve a volume 
sufficient for the TOC measurement procedure, the content of five equivalent vials was 
merged. Initially, the system suitability was tested according to USP Chapter <643>, using 
a 500 ppb standard solution of 1,4-benzoquinone and sucrose, respectively. The test was 
passed with a response efficiency of 101.3%. In the following, the validated range was 
defined to IgG1 concentrations from 0.09 to 3 μg/ml and thus chosen narrower than the 
range of the HPLC method. The linearity of the intact IgG1 dissolved in TOC-water, as 
well as of the hydrolyzed IgG1 dissolved in TOC-water after drying, was investigated by a 
7-point calibration curve (Figure 4). Each solution was measured in triplicate to confirm 
the validity of the response. Both exhibit a very good linearity in the range, which is 
apparent from the correlation coefficient (Table 6). The blank value was slightly increased 
to approx. 50 ppb by the hydrolyzation procedure. The ratio carbon/protein (w/w) was 
determined from the slope of each calibration curve to 0.518 g C / g protein for the intact 
IgG and 0.526 g C / g protein for the hydrolyzed protein species. This is directly in line 
with the theoretical values derived from the amino acid sequence, which were determined 
to 0.520 with, and 0.521 without the inclusion of a typical glycosylation pattern. The  
 
 
 
Table 6: Linear regression parameters by least 
square approach. 
 Slope y-intercept R 
Intact IgG1 518.0 -0.6 0.9992 
Hydrolyzed IgG1 
components 
526.5
 
47.7 
 
0.9998
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Figure 4: 7-Point TOC linearity plot of intact IgG1 dissolved in ultrapure water as well as after 
an exhaustive hydrolyzation process, the removal of acid and re-dissolution in ultrapure water 
(n = 3).  
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Table 7: Day 1 percent recoveries obtained from protein hydrolyzation assay (n = 3). 
a recovery (%) 
RSD 
(precision) (%) 
Theoretical IgG1 content Theoretical C Observed C Percent 
(μg/ml)  (ppb) (ppb) 
0.1788 141.8   137.2 96.8  2.9 
0.7248 429.3  432.8  1
1 1
a based on UV absorption measure for hydro  ste  
00.8  1.0 
2.8991 574.1  531.1  97.3  1.4 
ment be e lyzation p
Table 8: Day 2 percent recoveries obtained from protein hydrolyzation assay (n = 3). 
a recovery (%) 
RSD 
(precision) (%) 
Theoretical IgG1 content Theoretical C Observed C Percent 
(μg/ml)  (ppb) (ppb) 
0.1737 139.2   147.7 94.2  2.0 
0.7043 418.5  407.9  1
1 1
a based on UV absorption measure for hydro  ste  
02.6  3.1 
2.8172 531.0  543.3  99.2  0.6 
ment be e lyzation p
 
numbers also correspond with the findings of Rouwenhorst et al. [36]. The increased 
e hydrolyzed protein method were assessed in 
hydrolyzation step is the adsorption tendency of 
 
value for pre-hydrolyzed molecules may have arisen from a more complete oxidation to 
CO2 within the TOC device. It is known that certain substances may be under-quantitated 
by an insufficient oxidation to CO2 [37].  
Accuracy and precision/repeatability of th
the same manner as was utilized for the SE-HPLC method (Tables 7 and 8). For TOC 
measurements, the recovery is acceptable with values from 94.2 to 102.6% over the 
defined range. Decreased recovery values for the lower concentrations arose from the 
increased blind value. Precision was expressed by means of assay variability as relative 
standard deviation within one concentration and day-to-day variation. The former was 
less than ±5% and the latter was within the range of ±10%. Again, the relatively high 
variations were mainly provoked by the blank value, which affected measurement 
precision especially in the lower range.  
A further substantial argument for the 
native protein molecules on the inside of the TOC test tubes, which was not expected for 
the individual amino acids. Accordingly, the time span between sample preparation and 
TOC measurement could become critical in case native proteins are measured. Therefore, 
a time-course experiment was performed on the recovery of intact IgG1 from solutions  
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Table 9: Time-course study of IgG1 in 10 mM phosphate buffer pH 7.2. 
Observed C (ppb) IgG1 content Theoretical Mean 
overy (%) 
RSD (%) 
(precision) (μg/ml)a C (ppb) 0 h 3 h 6 h 9 h 24 h rec
0.7233 335.2 306.0 2  202.0 97.3 231.7 205.7 74.1 20.1  
2.8932 1337 1380 1136 1093 1
a determined from U rption measurement  
113 1163 88.0 9.9  
V abso
 
stored in borosilicate glass containers over 24 h (Table 9). Native protein was dissolved in 
0 mM phosphate buffer pH 7.2 so that adsorption/desorption was not influenced by 
in Comparison with Commercial  
Standard Assays 
rcial stan-
dard a CA assay and NI-assay are designed for the analysis of very low 
1
slight pH shifts (in advance, linearity of the IgG1 response in phosphate buffer could also 
be demonstrated; data not shown). A decrease in concentration over the duration of the 
test appeared which becomes apparent by a poor recovery and an increased relative stan-
dard deviation. Especially at the lower IgG1 concentration, a steady decrease in the IgG1 
concentration can be observed, whereas adsorption approaches an equilibrium value after 
approx. 9 h. The adsorption process was not as visible at an increased IgG1 concentration. 
However, the mean recovery was comparably poor over the 24 h experiment. As a conclu-
sion, it can be stated that the TOC technique provides the possibility of online observa-
tion of protein adsorption in containers. But for the benefit of the robustness of the TOC 
quantification method, it could be shown that only the measurement of hydrolyzed pro-
tein samples makes sense, as adsorption of intact protein to the TOC sample vial leads to 
a distinct decrease in content over time.  
 
3.1.4 Sensitivity of the New Methods 
The quality of the newly developed methods was compared with two comme
ssays. Both micro-B
protein concentrations and are compatible with the amounts of buffer salts, sodium 
chloride, and SDS applied. In analogy to the SE-HPLC method, the range was set to an 
IgG1 concentration from 0.1 to 10 μg/ml. In Figure 5 and Table 10, the linearity of both 
colorimetric standard assays is compared within the defined range. The NI-assay provides 
only a minor slope, which results in a poor limit of detection (LOD) and limit of quantifi-
cation (LOQ) (see below). The slope of the mBCA assay is considerably higher, but, espe-
cially in the lower range, the variance of data clearly increases.  
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Table 10: Linear regression parameters by least 
square approach. 
 Slope y-intercept R 
mBCA assay   0.0554 0.003   0.9978 
NI-assay -0.00 -0.9875 36 0.824 
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Figure 5: 10-Point calibration curves and linear fits of different copper-based protein quanti-
fication assays (mBCA and NI-assay) for IgG1 in the concentration range from 0.1 - 10 μg/ml 
(n = 3).  
 comparison of all methods, corresponding LOD as well as LOQ values were 
etermined from the linearity plots, based on the standard deviation of the response and 
the slope [20]. Moreover, as for HPLC chromatograms, more precise LOD and LOQ val-
icients of different quantification assays for IgG1 and h-IgG in the 
oncentration range from 0.1 - 10 μg/ml and calculated LOD and LOQ values based on the 
urve.  
 
For a direct
d
ues based on signal-to-noise ratios were determined graphically and additionally com-
pared to the result for IgG1 and h-IgG. In Table 11, linear fit correlation coefficients for 
IgG1 and h-IgG in the range from 0.1 - 10 μg/ml (0.04 - 3 μg/ml for TOC) as well as LOD/ 
LOQ values are summarized. According to correlation coefficients, the SE-HPLC method 
provides the best linearity by far, followed by TOC analysis. The same order applies to 
LOD and LOQ (Table 11), whereas graphically determined values differ slightly from the 
results determined from the linearization approach. The coloring assays are suited for a 
sensitive quantitative analysis of IgG1, but only to a limited extent. Due to the ease of 
handling and automation, HPLC quantification was preferred, and TOC was applied to 
verify the HPLC results.  
 
Table 11: Correlation coeff
c
calibration c
 IgG1 
mBCA assay 
IgG1 
NI-assay 
IgG1 
TOC analysisa 
IgG1 
SE-HPLC 
h-IgG 
SE-HPLC 
R 0.9978 -0.9875 0.9998 0.9999 0.9999 
LOD (μ ml) 0.02 8)b 0.0 )b 
LOQ (μg/ml) 0 b 0 b 
OC analysis of hydr rotein  (6 M H C, 24 h), r 3.0 μg/
ined fro al-to-noi oach 
g/ 33.16 
100.5 
848.3 
2570 
0.073 
0.220 
7 (0.04
.083 (0.130)
57 (0.036
.171 (0.121)
a T olyzed p fractions Cl, 110° ange: 0.04 - ml 
b values determ m sign se appr
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3.2 Development of a Standardized IgG Adsorption Quantification A
for Glass Containers 
ssay 
 
As already described, SDS was added to the HPLC running buffer. In principle, the sur-
ption to the surface 
easing the ionic strength of the medium by the 
 
3.2.1 Desorption Buffer and Timeframe of Desorption Process 
factant fulfils three functions. Firstly, it prevents proteins from adsor
of HPLC sample vials, as previously shown (3.1.2). In all probability, this applies to other 
surfaces like, for example, pipette tips or the column material as well. The addition of SDS 
therefore increases sample stability during analysis and minimizes sample variation. Sec-
ondly, SDS turned out to be ameliorative for the whole SE-HPLC quantification method 
in terms of peak quality and therefore the overall sensitivity (see above). However, the 
principal reason for the addition of surfactant was its ability to desorb protein adsorbates 
from the container surface. In this regard, the strongest eluting force for proteins from a 
glass surface has been ascribed to SDS [19]. The quantity of surfactant is a compromise 
between concentrations necessary for an exhaustive desorption step and the reduced 
column lifetime upon an excess of surfactant [41]. Froeberg et al. examined desorption of 
lysozyme layers on mica in detail [42]. According to them, at concentrations below the 
CMC, SDS binds to the protein layer and only leads to an increase in the interfacial 
charge. When surfactant concentration is further increased and reaches CMC, a complete 
desorption of protein occurs. A virtually complete desorption of proteins from hydro-
philic silica was also proven by Svedsen et al., using SDS in concentrations above its CMC 
dissolved in PBS buffer [43]. In the presence of SDS, proteins form flexible polyelectro-
lytic complexes by means of acquiring a high net negative charge [30], resulting in 
increased electrostatic repulsion. Upon changes in quaternary structure, the form will 
change from globular to elongated [32].  
The CMC of SDS in water is in the area of 8.08 mM (0.23%) [44]. It is well known that the 
CMC of surfactants decreases upon incr
addition of salt [44]. In our case, the CMC of SDS in PBS buffer pH 7.2 at 25°C was deter-
mined to be 0.94 ± 0.02 mM (0.027%) by tensiometric measurements (Figure 6a). The 
result is very well in line with the value expected from an equation provided by Fuguet et 
al. [44]. A reduction of the antimicrobial effect of SDS in presence of sodium [45] was not 
considered critical. Hence, the concentration of the surfactant could be set to the above 
value without any problems. For an SDS/protein binding ratio of 1.4 g/g [46], the CMC 
will be exceeded at protein concentrations in the range investigated, in spite of unspecific 
surfactant adsorption on the laboratory glassware. The concentration of unbound SDS 
was consciously kept low to avoid unnecessary burden on the column [41] or possible 
interference of excess micelles [30]. 
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Figure 6: (a) CMC determination of SDS in PBS buffer pH 7.2 by surface tension measurement 
(n = 3).  (b) Desorption kinetics of IgG1 from 2R glass vials in the timeframe up to 24 h using 
0.05% SDS in PBS buffer pH 7.2 (dotted line equals a nonlinear curve fit).  
 
re 6b). The results 
dicate that desorption by the use of SDS is very fast, and a final protein concentration is 
reached within the first 30 min. A prolongation of the desorption period up to 62 h did 
As a rule, protein adsorption on surfaces is considered irreversible upon concentration 
hanges [47]. So, by dilution, no or hardly any of the bound protein is removed [48,49]. 
tion and the desorption process. 
Furthermore, protein can alter its conformation over time and enhance contacts with the 
The desorption kinetics of IgG1 from 2R borosilicate glass vials, using 0.05% SDS in PBS 
sample buffer pH 7.2, was determined by the SE-HPLC method (Figu
in
not reveal any significant variations (data not shown). To ensure proper results and for 
practical reasons, the desorption interval was fixed to 14 h over night.  
 
3.2.2 Rinsing Buffer and Number of Rinsing Steps 
c
Hysteresis can therefore be observed between the adsorp
surface, resulting in a tighter binding [50]. However, it was also shown that a certain 
amount of protein could be removed from surfaces upon rinsing [26,51].  
In the scope of this work, protein adsorption was consistently studied after defined rins-
ing steps. The purpose was to remove surface-adhering remainder of the protein bulk, as 
well as unbound or only loosely bound molecules. The especially tailored procedure of 
vial treatment can be summarized as follows. After the incubation step, the protein solu-
tion of 3.5 ml was carefully removed from the containers by using a syringe plus injection 
needle. Immediately after emptying, the vials were filled with 4.0 ml of rinsing solution, 
incubated for one minute, emptied again, and drained upside down on Kimtech Science 
Precision Wipes (Kimberly-Clark Corporation, WI, USA) for another minute. To evalu-
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ate the number of rinsing steps required, the residual protein content of each rinsing 
fraction was determined, as illustrated in Figure 7a. The first rinse contains most of the 
adherent concentrated protein solution and therefore exhibits the highest protein content. 
The second fraction includes a small remainder of rinse #1 and the rest of the loosely 
attached molecules. The following fractions did not contain any IgG1. Four rinsing steps 
were performed for the default method, and they were limited to one minute each. Be-
sides, the execution of four rinsing steps is an established procedure, which is for example 
applied for the removal of excess protein in ELISA assays [52]. In this regard, Buijs et al. 
studied the amount of IgG that was removed from hydrophilic silica after rinsing for 
15 min using the correlating sample buffer [24]. Depending on the pH, they found 
desorption values in the range of 0.1 - 0.2 mg/m2 in the majority of cases and less than 
10% of the amount originally adsorbed. In our case, the removed quantity should be 
presumably less because the adsorption step we applied took 24 h instead of 30 min, and 
the irreversibility of adsorption usually increases with adsorption time (see below).  
Care was taken that the inside of the vial along with the protein layer did not dry. Protein 
adsorption is highly affected by the ionic strength and pH of the protein formulation (see 
Chapter 4). Therefore, the effect of the ionic strength in the rinsing buffer was investi-
gated as well. After incubation, separate vials were rinsed 4 times with a 10 mM sodium 
phosphate buffer (pH 7.2), containing varying amounts of sodium chloride. The protein  
 
 
(a) 
#1 #2 #3 #4 #5 #6
0.0
0.5
1.0
12.0
12.5
13.0
13.5
14.0
nonenonenonenoneIg
G
 c
on
ce
nt
ra
tio
n 
(μ
g/
m
l)
(b) 
 
0 50 100 150
0.0
0.5
1.0
1.5
Ig
G
 c
on
ce
nt
ra
tio
n 
Rinse fraction
 
(μ
g/
m
l)
Ionic strength (mM)
*
 
Figure 7: (a) SE-HPLC quantification of IgG1 in successive rinsing buffer fractions (1 min, 
n = 3); final rinse (#6) took 14 h;  (b) IgG1 concentration in the SDS desorption buffer fraction 
as a function of the ionic strength in the rinsing buffer (10 mM phosphate buffer including 
variable amounts of sodium chloride adjusted to pH 7.2); non-pretreated glass vials were used 
for incubation (n = 3).  
*deionized water was used for rinsing  
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content remaining in the vials after rinsing was measured by desorption using standard-
ized SDS desorption buffer. The results indicate that the ionic strength of the rinsing 
ined amount of protein bound in the vial. According 
 Figure 7b, the lower the salt content in the rinsing solution, the less protein was washed 
 was accomplished by filling 
mpty vials with protein solution, sealing, crimping, and incubating them in a perpendic-
n in a temperature-controlled water bath. Temperature was set to 25°C for all 
k. Furthermore, very slow horizontal move-
buffer drastically affected the determ
to
out and hence, more protein was determined after the desorption step. Decreasing the salt 
content diminishes solvation and therefore the solubility of proteins. More importantly, it 
leads to increased electrostatic interaction between the proteins and the sorbent surface. 
The result would be a stronger binding at electrostatic attractive conditions. In addition, 
stronger binding of proteins to the surface may have been caused by increased hydropho-
bic interactions as a result of potentially reversible protein denaturation in hypotonic 
medium. In this regard, Docoslis et al. found increased adsorption or rather decreased 
desorption of HSA on silica particles by rinsing at zero ionic strength [26]. Beforehand, 
adsorption was accomplished using HSA dissolved in pure H2O. Furthermore, Docoslis et 
al. reported an increased elution of protein in the presence of phosphate ions and as-
cribed that to competition with protein-attracting sites [26]. This does not coincide with 
our findings, as the reduction of NaCl concentration while retaining the phosphate con-
centration showed an effect as well. So, in our opinion, solely the differences in ionic 
strength were responsible for variations in the adsorbed amount. For lysozyme on hydro-
philic silicon oxide surfaces, Wahlgren et al. also found increased adsorption and higher 
irreversibility at low ionic strength [51]. Adsorption was also found to be reversible upon 
pH shifts [48,53]. However, more detailed investigations on the adsorption reversibility 
and the dependency of adsorption on both pH and ionic strength are presented in Chap-
ter 4 and 7 in more detail. In conclusion, it is absolutely essential that the rinsing medium 
equals the formulation used for incubation in every respect.  
 
3.2.3 Timeframe of Adsorption Process 
An unspecific adsorption of IgG1 to the inner surface of vials
e
ular positio
incubation procedures described in this wor
ment at 25 rpm was applied to gently agitate the solution. Thus, the formation of concen-
tration gradients was avoided, and concentration was kept consistent throughout the 
whole volume. The arising of weak shear forces was not meant to influence the adsorp-
tion process. The steps involved in the protein adsorption mechanism are manifold, and 
each can be time-determining for the overall process [54]. Like the adsorbed amount, also 
adsorption kinetics depends on many different factors. An incubation time of several 
hours is commonly considered to be sufficient for IgG to reach equilibrium adsorption  
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Figure 8: Adsorbed amount of IgG1 in 2R glass vials at pH 7.2 (PBS buffer) as a function of 
incubation time.  
 
conditions on several surfaces [55]. The kinetics of IgG1 adsorption on borosilicate glass 
was investigated, taking the above requirements for rinsing and the desorption procedure 
ics turned out to be considerably slower than the desorp-
on step. In general, adsorption was found to increase fast within the first hour but 
r a decrease (data not shown). Consequently, after 
into account. In Figure 8, adsorption kinetics of IgG1 for the pH 7.2 standard formulation 
is shown. The adsorption kinet
ti
slowed down steadily, approaching a final value within approx. 4 h. This again coincides 
roughly with the findings of Docoslis et al. [26]. In order to balance possible variations in 
adsorption kinetics due to varying formulation parameters and concentrations [12], the 
standard procedure was fixed to 24 h.  
As already stated, adsorption irreversibility increases with adsorption time [51]. So after 
24 h of incubation, a lower degree of displacement by rinsing was expected so that the 
measured adsorption values would most likely mirror the situation after long-term stor-
age. Indeed, a longer adsorption interval of 3 days in borosilicate glass vials neither gave 
rise to a further adsorption increase no
24 h, it is expected that the surface is saturated and adsorption is in equilibrium state. 
Extensive investigation of adsorption rates was not planned in the scope of this work. The 
phenomenon of IgG1 adsorption on container surfaces was studied exhaustively, mainly 
in equilibrium state. Nevertheless, importance should be attributed to this point in future 
investigations, as adsorption kinetics provides substantial insight into adsorption mecha-
nisms [56].  
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3.3 IgG1 Adsorption on Glass Vials – Comparison of SE-HPLC and  
TOC Method  
In previous sections, a standard method for incubation and surface rinsing, followed by 
e removal of surface-bound protein, was developed (24 h adsorption, four rinsing steps 
with buffer of the same pH and ionic strength as the formulation, followed by 14 h 
desorption with formulation buffer containing 0.05% SDS). The procedure was now 
applied by using the default protein formulation to determine the typical amount of IgG1 
irreversibly bound on the glass vial surface. The results of this standard quantification 
practice were compared with those of the validated TOC reference technique after hydro-
lyzation, using 6 M HCl (see 3.1.3). The adsorption values determined by means of the 
SE-HPLC method are slightly higher compared to those determined by TOC (2.68 mg/m2 
vs. 2.29 mg/m2), as depicted in Figure 9. However, the fact that both results are in a quite 
narrow range indicates that the desorption conditions described above were sufficient to 
determine the total adsorbed protein.  
In literature, adsorption values for IgG on hydrophilic silica at moderate ionic strengths 
of 2.5 - 3.2 mg/m2 before and 2.4 - 3.0 mg/m2 after a rinsing step are described [24]. The 
values were determined by reflectometry after an incubation of 7.5 μg/ml IgG in phos-
phate-buffered solution pH 7 plus 100 mM NaCl for 30 min. The value of 2.3 ± 0.4 mg/ml 
at pH 7.5 in 150 mM NaCl for IgG on hydrophilic silica, described by Heinrich et al., is 
 
 
th
Table 12: Measured values for the application 
of two different quantification approaches on 
equal sample vials. 
 SE-HPLC method TOC method 
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Adsorbed 
amount 
(mg/m2) 
SD 
(mg/m2) 
Adsorbed 
amount 
(mg/m2) 
SD 
(mg/m2) 
#1 2.73a 0.17 2.41b 0.04 
#2 2.78a 0.06 2.18b 0.03 
#3 2.54a 0.10 2.29b 0.02 
 
a 
 
mean value from 3 vials     b mean value from 9 vials 
Figure 9: Adsorbed IgG1 quantities in 2R borosilicate vials determined with the SE-HPLC 
method (SDS desorption) and TOC method (6 M HCl hydrolysis); dashed line indicates mean 
value of the three independent determinations. 
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also in accordance with our findings [23]. Although the ionic strength of 20 mM
erably lower comp
ved similar results by applying e
 was 
consid ared to the ionic strengths described in the above references, Xu 
et al. achie llipsometry on anti-β-hCG immunoglobulin 
r sensitive quantitative analysis of protein adsorption in glass vials. LOD and LOQ 
lues of the SE-HPLC quantification method were within the range of 0.03 - 0.06 and 
0.08 - 0.17 μg/ml of IgG, respectively. One 
based on the determination of total organic
the adsorbed protein. LOD and LOQ value l) were in the same order 
of magnitude as those of the aforementi ned  Both on 
techniques were validated according to the I mmercial 
coloring quantification assays were found inappropriate for the intended purpose due to 
their poor sensitivity in the corresponding r ge.
For the investigation of equilibrium adsor n s  a sta dized adsorption assay 
was developed. It included the 24 h incubati of the protein solution in vials at 25°C and 
slight horizontal agitation of 25 rpm. Incub n w llowe  standardized fourfold 
rinsing step of one minute each and a 14 h
0.05% SDS in PBS buffer pH 7.2. In the course of this, basic knowledge of the adsorption 
ice, this implies that the rinsing fluid essen-
ally has to equal the formulation used for incubation in every respect, in spite of the 
adsorbed on hydrophilic silica, namely 3.4 mg/m2 before and 2.5 mg/m2 after thorough 
rinsing [12]. Compared to measurements on solid silica surface, a similar outcome was 
described for IgG on porous silica samples by using the solution depletion method. 
Surface concentrations of 2.5 ± 0.1 mg/m2 were found in 100 mM phosphate buffer at 
pH 7.4 [55]. All these values are within a defined range, mostly depending on the particu-
lar adsorption conditions. Although these examples do not completely resemble our con-
ditions regarding formulation, surface, timeframes, as well as the analytical method, the 
results confirm the validity and applicability of our techniques developed for the analysis 
of protein adsorption on the glass vial internal surface.  
 
 
4 CONCLUSIONS 
In this chapter, sensitive methods tailored to the quantification of protein adsorbed in 
pharmaceutical containers were developed. Desorption of adsorbed protein by means of 
SDS with subsequent quantification in SE-HPLC was shown to be a well-suited method 
fo
va
reference technique was developed that was 
 carbon after an exhaustive hydrolyzation of 
s (0.07 and 0.2 μg/m
o  HPLC method.  quantificati
CH guideline. In contrast, co
  an
ptio tates, ndar
on 
atio as fo d by a
 desorption step of protein via incubation with 
and desorption timeframe was gained. Through the example of varying ionic strengths, it 
was proven that the quality of the rinsing fluid directly affected the adsorbed protein 
quantity. As a consequence for further pract
ti
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short timeframe it was in contact with the protein layer. Within the scope of method 
development, the equilibrium amount of monoclonal IgG1 antibody adsorbed in boro-
silicate glass vials was obtained, using a single formulation composition for incubation 
(pH 7.2, ionic strength 170 mM). The adsorbed amounts of IgG1 were in the area of 
approx. 2.7 mg/m2. The results obtained by using TOC after protein hydrolyzation were 
consistent with those from surfactant desorption in combination with SE-HPLC quantifi-
cation. Hence, the plausibility of the latter procedure was verified. The comparison of our 
results with those described in literature for similar surface and protein types also 
confirmed the outcomes of the new assays.  
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Chapter 3   
 
Influence of Vial Surface Properties on IgG1 Adsorption  
 
Abstract 
In this study, the influence of the surface state of packaging vials for pharmaceutical 
application on the extent of protein adsorption was investigated. It was found that the 
adsorption of an IgG1 antibody on borosilicate glass and hydrophobic vial surfaces 
(siliconized glass and cyclic olefin polymer plastic vials) largely depends on the surface 
polarity ( / ), which could be determined by dynamic advancing contact angle mea-
surements. The adsorbed protein mass decreased linearly with increasing surface polarity. 
Furthermore, the elemental composition of the outermost surface layer of borosilicate 
glass was proven to vary when it was in contact with formulation buffers of different pH. 
The immediate effect of the elemental composition on adsorption was not further investi-
gated. But the previous contact with formulation buffers of extreme pH led to a decrease 
of IgG1 adsorption on glass due to an increase in surface polarity. A decreased surface 
polarity was observed after a vial washing step, followed by sterilization in moist or dry 
heat. It is assumed that unspecific surface-deposited contamination gave rise to this 
decrease in surface polarity. Organic material could be found on the pretreated glass sur-
face in time-of-flight secondary ion mass spectrometry measurements. Surface contami-
nation could either be removed by heat treatment up to 600°C or by an Ar plasma treat-
ment, both of which gave rise to a highly increased surface polarity. The total amount of 
IgG1 adsorbed to borosilicate glass containers within 24 h increased with precedent vial 
storage time at exposure to air. This effect applied to super-hydrophilic glass surfaces 
after plasma cleaning as well as to washed and heat sterilized reference vials.  
p
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1  INTRODUCTION 
Before filling, primary packaging containers are normally pretreated, unless the packag-
ing material is supplied in a clean and sterilized form. As a rule, chemical and particulate 
contamination from airborne and other environmental sources have to be considered [1]. 
Washing the containers with water or water with detergent along with an adequate rins-
ing procedure is used to remove potential contaminates like dirt, dust, salt depositions, 
fibers, or other particles. However, microbiological aspects of pharmaceuticals are of im-
portance as well, not only for sterile products. Sterilization is the finite method for micro-
bial control of packaging. Irradiation, gas treatment, and heat sterilization are most often 
applied. Common dry heat procedures include temperatures from 160 - 180°C for 1 h and 
more, whereas glass sterilization is often carried out in line with the filling operation and 
is performed in heat tunnels at 320°C or slightly higher for 3 - 4 min [1]. Autoclaving is 
an effective procedure as well, which is also applicable for a number of plastics materials.  
The adsorption of proteins on solid surface largely depends on surface qualities like spe-
cific surface area, hydrophilicity, and electrical state [2]. It could be shown by many 
authors that proteins generally adsorb in higher quantities on hydrophobic surfaces than 
on hydrophilic ones [3-6]. The most important materials in the field of primary packag-
ing of protein pharmaceuticals are blank hydrophilic borosilicate glass, hydrophobized 
(siliconized or silanized) borosilicate glass, as well as hydrophobic cyclic olefin polymers 
(COP), or cyclic olefin copolymers (COC). The hydrophobic materials should thus be 
prone to bind higher quantities of the therapeutic protein, which will be examined in 
detail in the scope of this work. Hydrophobic coating gives rise to an increased hydropho-
bicity. In addition, unspecific surface contamination, which was shown to build up on 
hydrophilic materials, can result in unintentional hydrophobization and potential com-
plications [7,8]. This phenomenon is well known and crucial in semiconductor and sili-
con wafer technology. Contaminants were described to hamper effective cleaning of the 
surfaces. They impair good adhesion of deposited films and cause uncontrolled variations 
[9]. In the following, considerations are limited to molecular compounds, whereas ad-
sorbed gases, ions, and larger particles are ignored. Atmospheric contaminants can origi-
nate from the laboratory or clean room air. The main sources are outgassing of construc-
tion materials or urban pollutants. In this regard, organic amines or volatile condensable 
organic chemicals like plasticizers, pump oils, or cleaning solvents come into consider-
ation [9]. Because of their molecular dimensions, they are difficult to filter out with 
conventional HEPA filters. Contaminants can also deposit from liquids, e.g. deionized 
water, which come into contact with the surfaces. A number of cleaning procedures were 
established to restore the original surface properties. An extensive overview of cleaning 
procedures was provided by Reinhardt and Kern [9]. These comprise aqueous cleaning 
and dry cleaning processes, like etching, UV/O3 treatment, plasma treatment, and others.  
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The problem of many common analytical methods is that they are usually too insensitive 
to detect or characterize such hydrocarbon contamination which usually does not form 
more than a monolayer on the surface [8]. In this respect, time-of-flight secondary ion 
mass spectrometry (ToF-SIMS) for instance, was shown to be suited and sufficiently sen-
sitive for the detection and investigation of such surface contaminants [8]. Although only 
present in minor absolute quantity, hydrocarbon contamination from the environment is 
sufficient to dramatically alter surface properties like e.g. wettability [10]. The quality of 
the outermost surface layer is especially decisive for adsorption phenomena, not only 
with respect to proteins. Therefore, only marginal changes may directly affect adsorption 
characteristics. Moreover, the surface chemistry and morphology of the substrate, such as 
elemental composition, surface roughness, hydration state, and hydrophilicity, contribute 
to the adsorption tendency of proteins on the sorbent surface. Altogether, wettability is 
possibly the most important single surface parameter that affects the quantity and quality 
of adsorbed protein [11]. For the estimation of the surface free energy of a solid, usually 
contact angles of different liquids with well-known surface tension are evaluated [12]. 
According to Young, the contact angle θ depends on the surface tension of the solid γ s, 
the surface tension of the liquid γ l, and the interfacial tension of solid and liquid γ sl, as 
described by Equation 1: 
 θcosγγγ lsls   (1) 
Fowkes suggested that the total free energy at a surface consists of contributions from 
different intermolecular forces [13]. He differentiated between dispersion forces among 
all molecules from temporary asymmetric charge distribution, and induced or permanent 
polar forces, which are inherent only in certain molecules [12]. According to Owens and 
Wendt, the dispersive component γ d and the polar component γ p together make up to the 
entire surface free energy γ (Equation 2) [14]: 
  (2) pd γγγ 
Together with Fowkes’ theory, they established the following relation, assuming the geo-
metric mean approach (Equation 3): 
  plpsdldslssl γγγγ γγγ  2  (3) 
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In combination with Equation 1, it can be converted into a linear equation: 
 
  d
sd
l
lp
sd
l
l γ
γ
γ
γ

2
1 pγγ θ cos  (4)  
 
By using at least two liquids with known  and , the data points can be approximated 
by a line. In consequence, 
p
lγ
d
lγ
p
sγ  is determined from the square of the slope and  from the 
square of the ordinate intercept. This evaluation approach is commonly designated to the 
method of Owens-Wendt-Rabel-Kaelble [12].  
d
sγ
In the scope of this work, dynamic advancing contact angle measurements were per-
formed on the cylindrical part of the packaging containers after cutting off the bottom of 
the respective container. This ideal cylindrical body was immersed in liquids, namely in 
ultrapure water, in diiodomethane, and, in exceptional cases, in n-hexadecane. For the 
calculation of the polar and the dispersive part of the surface free energy, contact angle 
determinations in water were combined with measurements in one liquid of zero polarity. 
Table 1 depicts the surface tension and free energy components of the test liquids. In this 
regard, the ability to perform single-sided measurements was crucial and was enabled by 
differentiated measurements of the one-sidedly coated and the corresponding untreated 
sample. This also allowed the surface free energy of e.g. siliconized vials to be determined. 
Not only the final resulting contact angle but also the chemical composition of the outer-
most container surface material may have an impact on protein adsorption phenomena. 
In this regard, polymeric materials meant for pharmaceutical packaging are less affected 
by aqueous liquids. Although they are gas-permeable to a minor degree, they normally do 
not release any leachable components [16]. However, the glass surface is anything but 
totally inert and was shown to be subject to corrosion in aqueous media [17-19]. Con-
cerning silicate glasses, vitreous silica for instance, is most resistant to water corrosion. 
 
 
Table 1: Surface tensions and surface free energy components (mN/m) of the test liquids 
according to Stroem et al. [15]. 
Liquid 
 
Surface tension 
( ) lγ
Polar component 
( plγ ) 
Dispersive component
( ) dlγ
Water 72.8 51.0  21.8 
Diiodomethane 58.8 0.0  58.8 
Hexadecane 27.6 0.0  27.6 
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Figure 1: Processes involved in glass corrosion (adopted from Weisser and Bange [24]). 
 
This resistance decreases with the quantity of alkali cations in the glass but is improved 
again with the addition of alkaline earth oxides [20]. Although the mechanisms are not 
entirely solved, four major stages are described to play a major role in short-term leaching 
and glass corrosion [21] (Figure 1 schematically represents the processes involved in glass 
corrosion): 
 
 The Si−O− network is partially hydrated and a gel layer is formed on the surface. 
The thickness of this layer was found to increase with exposure time [22]. 
 
 Alkali ions (M+) of the glass are exchanged with monovalent cations of the saline 
solution (M’+), according to:  
 (M+)glass + (M’+)solution  (M+)solution + (M’+)glass (5) 
 The acidic attack on the glass surface is a pure ion exchange process and has been 
described as interdiffusion. Hydronium ions (H3O+) are replaced with the alkali 
cations of the glass surface. The SiO2-network is not affected by the acid [23]. The 
reaction rate in very early stages of the reaction has been found to be proportional 
to t . This implies that the reaction is diffusion-controlled by the exchanging 
cations [17,20].  
 Si−O- M+ + H3O+   Si−OH + M+ + H2O (6) 
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 In alkaline solutions, a uniform dissolution of the glass matrix is promoted by the 
OH- ion. Thereby, the silica network is broken by the nucleophilic OH-, and the 
glass network is successively dissolved, showing a linear time dependence (corro-
sion) [24]: 
 Si−O−Si  + OH-   Si−O- + HO−Si   (7) 
A fifth point, which also belongs to the glass corrosion phenomena, is the formation of 
precipitated layers. This is most distinct when the filling volume is small so that satura-
tion is easily reached.  
The critical pH value at which one of the two mechanisms, glass dissolution or alkali de-
pletion, prevails was reported to be around pH 9. Accordingly, a homogeneous dissolu-
tion of the glass surface will set in above pH 9, whereas at pH values below depletion of 
mainly monovalent alkali ions, and, to a minor extent, earth alkaline or other ions will 
take place under retention of the silica network [23]. With respect to the filling of liquid 
protein solutions, these effects inevitably occur when the liquid of a certain pH comes in 
contact with the glass surface. Thus, the adsorption process and glass corrosion processes 
are taking place at the same time. Finally, it may be conceivable that at certain pH values, 
parts of the glass surface detach along with the adsorbed proteins. This would interfere 
with a uniform adsorption process. Glass corrosion affects a variety of different glass 
properties. The most important ones are a decrease in the total mass, optical changes, 
modifications of chemical bonding and glass density, as well as topographical changes like 
increased roughness, and changes in the glass surface composition. The last two seem to 
have the most direct bearing on the protein adsorption process. In the scope of this work, 
however, only changes in the glass surface composition at incubation conditions were 
analyzed. An overview of contemporary and sophisticated methods available for the anal-
ysis of glass corrosion is given by Weisser and Bange [24]. A good and reliable method for 
the sensitive surface analysis is ToF-SIMS, as already mentioned above. It provides infor-
mation about the chemical composition of the surface-near region with a depth resolu-
tion in the nanometer scale [25], whereupon corrosion and contamination phenomena 
can be sensitively studied.  
It was the aim of this study to determine the influence of vial surface properties on the 
adsorption of an IgG1 antibody. Therefore, containers composed of different materials 
were studied, while the main focus of the investigations was on borosilicate glass. The 
surface property of utmost interest was the surface free energy, which was exclusively 
determined by dynamic contact angle measurements. In this regard, the effect of con-
tainer pretreatment, storage time, and formulation pH on the surface quality of vials was 
evaluated on the basis of surface free energy changes. Based on the fact that layers of 
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adsorbed proteins alter the surface free energy of the substrate as well, tensiometric mea-
surements on IgG1 adsorbates were performed with the objective of correlating surface 
polarity and the adsorbed protein mass. The ionic composition of the outermost glass 
surface, which sensitively depends on the pH of the liquid phase, was analyzed by ToF-
SIMS depth profiling. Likewise, unspecific surface contamination on the glass was sub-
stantiated and further investigated by static SIMS measurements.  
 
 
2  MATERIALS AND METHODS 
2.1  Materials 
2.1.1  Protein Formulation  
For adsorption experiments, a 2 mg/ml solution of IgG1 (MW ≈ 152 kDa) in 10 mM 
phosphate buffer and 145 mM NaCl (pH 7.2) was used, which was kindly provided by 
Merck Serono (Darmstadt, Germany). For ionic strength adjustment, the solution was 
dialyzed against pure 10 mM phosphate buffer solution by using Vivaflow® 50 tangential 
flow filtration cartridges (Sartorius-Stedim Biotech, Goettingen, Germany) equipped with 
a 30,000 MWCO polyethersulfone (PES) membrane. The IgG1 concentration was deter-
mined by UV spectroscopy. Variable pH values of the protein formulation had to be ad-
justed, and, for each pH value, the adequate quantity of NaCl and acid or base was calcu-
lated and added to the dialyzed solution in order to retain consistent ionic strength. Ionic 
strength calculations were performed as described in Chapter 4. Each protein solution 
including the standard IgG1 formulation was filtered through a hydrophilic 0.2 μm PES 
membrane filter (Pall GmbH, Dreieich, Germany) before use. Typical protein handling, 
like dilution and sample preparation, was done in 15 ml and 50 ml polypropylene tubes 
(GreinerBio-One GmbH, Frickenhausen, Germany).  
 
2.1.2  Glass Vials and Closure Systems 
The pharmaceutical containers used for investigations were Fiolax® 2R borosilicate glass 
vials, kindly provided by SCHOTT AG (Mainz, Germany). Vials were preprocessed 
(washed and heat sterilized) as described in Chapter 2, unless otherwise stated. Addition-
ally, autoclaving in a Vakulab HP 669-2H R autoclave (Muenchener Medizin Mechanik 
GmbH, Planegg, Germany) at 121°C for 30 min was applied for individual glass vials after 
the washing step. A second vial type, siliconized Fiolax® 2R vials (pre-siliconized with 
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Dow Corning 360), was obtained from SCHOTT AG as well. They were washed in the 
same way as the glass vials but only dried at 80°C for 1 h. Plastic vials, namely Resin CZ® 
2 ml (Daikyo Seiko, Ltd., Japan) made upon COP, were treated analogously. After filling, 
vials were closed with FluroTec® stoppers and finally sealed with Flip-Off® seals, both 
from West Pharmaceutical Services GmbH & Co. KG (Eschweiler, Germany). For contact 
angle measurements, the vials were prepared as described below. Bottoms of the pre-
washed and heat sterilized glass vials were carefully cut off with a DREMEL® 300 series 
rotary tool (DREMEL Europe, Breda, The Netherlands) equipped with a rotating dia-
mond cut-off wheel. Bottoms of pre-washed plastic vials were sawed off with a handsaw. 
Adherent glass dust or plastic particles of either container type were removed by a flow of 
pure pressurized nitrogen.  
 
2.1.3 Chemicals / Excipients 
Ultrapure water (0.055 μS/cm) for all applications came from a Purelab Plus UV/UF sys-
tem (ELGA LabWater, Celle, Germany) and was filtrated through a 0.22 μm membrane 
filter before use. The salts NaCl, NaH2PO4, and Na2HPO4 were purchased from Merck 
Chemicals (Darmstadt, Germany). 1 M NaOH and HCl were obtained from Sigma-
Aldrich (Munich, Germany). Diiodomethane (99%) and n-hexadecane (≥ 99%) for con-
tact angle measurements were purchased from Sigma-Aldrich as well.  
 
2.2 Methods 
2.2.1 Argon Corona Discharge Plasma Treatment of Glass Surfaces 
Selected borosilicate glass vials were plasma-treated with argon corona discharge plasma 
for variable time, subsequent to washing and heat sterilization (Figure 2). The corre-
sponding device was an ambient pressure plasma generator equipped with a Plasma-
brush® and was kindly provided by Reinhausen Plasma GmbH (Regensburg, Germany). 
The discharge was produced by a 12.7 kHz / 6.5 kV power supply. The argon gas flow 
(argon 5.0 from Air Liquide Deutschland GmbH, Duesseldorf, Germany) was 8 l/min at a 
pressure of 2.0 bar. According to the manufacturer, the application of Plasmabrush® tech-
nology at atmospheric pressure does not exceed surface temperatures above 70°C. The 
processing time varied from 10 up to 30 sec.  
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Figure 2: Surface treatment process of 2R borosilicate glass vials with argon plasma. 
 
2.2.2 Contact Angle Measurements  
The surface free energy of blank and siliconized glass vials, as well as of COP plastic vials, 
was determined by dynamic contact angle measurements on a K100MK2 tensiometer 
(Kruess GmbH, Hamburg, Germany) in combination with the temperature-controlled 
water bath Julabo F12 (Julabo Labortechnik GmbH, Seelbach, Germany). The vials were 
fastened in the device with a modified holding clamp. The free energy of the glass vial 
surfaces was determined from the dynamic advancing angles in water and diiodomethane, 
whereas for COP polymer vials, water and n-hexadecane were applied. Dynamic contact 
angles were measured by wetting the axial length from 2 - 6 mm. Data analysis was per-
formed according to the method of Owens-Wendt-Rabel-Kaelble [14,26], using the curve 
analysis and calculation tools from the Kruess LabDesk 3.1 software. The surface tensions 
of the test liquids were controlled repeatedly with the Wilhelmy plate method. Further-
more, the software allowed one-sided measurements of the internal surface of siliconized 
vials via the differential measurement of sample and blank vials. All samples were mea-
sured at 25°C and in triplicate, using a new sample vial for each determination. For COP 
plastic vials, the surface tension was verified using a set of blue testing inks (ISO 8296) 
from 18 - 32 mN/m (arcotest GmbH, Moensheim, Germany).  
 
2.2.3 UV Spectroscopy 
UV spectroscopy for protein concentration measurements was performed on an Agilent 
8453 UV/VIS spectrophotometer (Agilent Technologies GmbH, Boeblingen, Germany) at 
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λ = 280 nm, using quartz cuvettes and an extinction coefficient of 1.40 cm2/mg for anti-
bodies [27]. The sample temperature during measurement was held at 25°C. 
 
2.2.4 Adsorption Method 
The standardized adsorption procedure of IgG1 in containers was discussed in detail in 
Chapter 2. In the following, only a short description is given. The preprocessed vials were 
filled with IgG1 solution of 2 mg/ml, closed, and incubated for 24 h in a water bath at 
25°C and slow horizontal movement (25 rpm). The vials were emptied using a syringe 
with an injection needle, and were rinsed in four steps with a buffer solution, correlating 
to the respective formulation. For desorption of the inherent proteins, the vials were filled 
with PBS buffer pH 7.2 (10 mM phosphate plus 145 mM NaCl) containing 0.05% SDS, 
sealed again, and stored at the above conditions over night (14 h). For direct tensiometric 
measurements of the adsorbed protein layer, glass vials without bottoms were immersed 
into the protein solution so that adsorption could take place at both wall sides. After 24 h, 
the incubated vials were successively immersed twice in the respective blank buffer for the 
removal of loosely adherent molecules, twice in ultrapure water to remove adherent buff-
er salts, and finally dried in a gentle flow of pure nitrogen.  
 
2.2.5 Size Exclusion High Performance Liquid Chromatography  
Desorbed protein quantities were analyzed via Size Exclusion HPLC on an Agilent 1100 
device (Agilent Technologies GmbH, Boeblingen, Germany) equipped with a Tosoh TSK 
gel G3000SWXL and a TSKgel SWXL guardcolumn (Tosoh Bioscience GmbH, Stuttgart, 
Germany). The mobile phase equaled the desorption buffer described above. The injected 
sample volume was 400 μl and the run duration 50 min. The protein fluorescence signal 
at λex / λem = 280 nm / 334 nm was recorded by a Thermo Spectra 3000 fluorescence 
detector. All chromatograms were integrated manually using the Agilent ChemStation 
software Rev. B 02.01. In each HPLC batch run, a 10-point IgG1 calibration from 0.1 -
10.0 μg/ml was included.  
 
2.2.6 Time of Flight Secondary Ion Mass Spectrometry 
ToF-SIMS glass surface analysis was performed on a ToF-SIMS IV (ION-TOF GmbH, 
Muenster, Germany). Measurements were carried out using 15 keV Ga+ ions (area 
50 μm x 50 μm) for acquisition. For depth profiling experiments, the surface was sput-
tered with a 500 eV O2+ beam (area 300 x 300 μm2), which, for glass surface, resulted in an 
approximated ablation rate of 0.05 nm/s. The timeframe of sputtering was 0 - 300 sec.  
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3 RESULTS AND DISCUSSION 
The impact of a container preprocessing step, such as washing and sterilization, on pro-
tein adsorption to pharmaceutical packaging vials has not yet been studied. It could be 
derived from preliminary tests that the preprocessing of glass vials, a washing step fol-
lowed by sterilization with moist or dry heat, as commonly performed in the pharmaceu-
tical industry, directly influences the adsorbed IgG1 quantity (data not shown). Adsorp-
tion levels were up to 3 - 5 times higher, or even more, than those found in virgin glass 
vials. Since the identical protein formulation and the same incubation procedure were 
applied, this phenomenon must be attributed to differences of surface properties. For this 
purpose, contact angle measurements were found to be insightful, from which the con-
tainer surface free energies could be deduced.  
 
3.1 Influence of Surface Free Energy on IgG1 Adsorption 
Initially, the surface free energy  of borosilicate glass vials after different treatments, i.e. 
after washing plus sterilization and after different subsequent surface cleaning steps, was 
determined. All measured contact angle values, as well as the calculated surface free ener-
gies with associated polar and dispersive components, are listed in Table 2. Moreover, the 
latter are diagrammed in Figure 3 and overlaid with the IgG1 binding behavior.  
sγ
 
Table 2: Dynamic advancing contact angles, calculated polar ( ) and dispersive components 
( ) of the surface free energy, surface polarity parameters ( / ) and adsorbed amount of 
IgG1 on glass vials of different pretreatment as well as on siliconized glass and plastic vials. 
p
sγ
p
sγ
d
sγ sγ
 
Dynamic 
adv. CA (°) 
H2O / CH2I2 
p
sγ  
(mN/m) 
d
sγ  
(mN/m) 
p
sγ /  sγ
 
IgG1 
adsorbed 
(mg/m2) 
Glass untreated 0.00 / 41.2 37.4 38.9 0.49 0.56 ± 0.10 
Glass washed and autoclaved  26.6 / 38.1 30.1 40.5 0.43 0.82 ± 0.22 
Glass washed and heat sterilized 46.4 / 13.3 16.2 49.1 0.25 2.50 ± 0.07 
Additional heat 300°C 1 h 34.8 / 8.94 21.6 49.9 0.30 2.37 ± 0.05 
Additional heat 400°C 1 h 28.2 / 19.8 26.1 46.6 0.36 2.49 ± 0.20 
Additional heat 500°C 1 h 15.4 / 33.6 32.6 42.6 0.43 2.01 ± 0.06 
Additional heat 600°C 1 h 0.00 / 37.3 36.2 40.8 0.47 1.21 ± 0.30 
Additional Ar plasma 30 s 0.00 / 0.00 n/a n/a n/a 0.50 ± 0.04 
Glass siliconized (one-sided) 78.1 / 31.9   3.9 40.6 0.09 4.41 ± 0.46 
Plastic (COP)  80.2 / 0.00a   6.4 27.6 0.19 3.70 ± 0.41 
a n-hexadecane used as measuring liquid  
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Figure 3: Surface free energy of borosilicate vials after different surface pretreatment proce-
dures; surface free energy is divided into a polar and a dispersion component (bars); overlaid is 
the resulting quantity of IgG1 adsorbed within 24 h from the standard formulation pH 7.2 
(squares) (n = 3). 
 
As expected, all glass vials are primarily hydrophilic and hold contact angles of water in 
the lower range. Accordingly, the calculated surface free energies were high at approx. 
70 mN/m. The markedly high surface tension of the untreated brand-new vials was 
appreciably reduced by washing plus autoclaving, and, more distinctly by dry heat sterili-
zation. The effect originates from a strong decrease of the polar part. The dispersive frac-
tion of the surface free energy is less susceptible to washing or heating. It is shown in 
Table 2 that the contact angle of water increased, whereas the contact angle of diiodo-
methane decreased for the samples in the above order. It can be reasoned that the acces-
sibility of hydrophilic silanol groups was reduced, indicated by an increasing water con-
tact angle. A decrease of the polar fraction of the surface free energy was the consequence. 
A loss of polar interaction sites was supposed to arise from coverage with a hydrophobic 
surface contamination due to the washing step. Also lower contact angle values for 
diiodomethane and, accordingly, a slightly increasing dispersive component were the 
consequence. To prove the above theory, the washed and heat sterilized vials were further 
exposed to high temperature in order to clean the surface from contamination and to 
restore the high surface free energy [23]. As listed in Table 2, water contact angle values 
decreased, and contact angle values of diiodomethane increased again. Thus, the high 
temperature treatment gives rise to an increase of , primarily by means of the polar 
component (Figure 3). This indicates that presumed organic material on the surface was 
removed by oxidation, and the bare and highly hydrophilic glass surface was restored. 
sγ
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Plasma cleaning represents an alternative way of glass surface purification. Ar and Ar/air 
plasma are often applied for treating a variety of materials and causes a high density of 
electrons, ions, and atoms on the surface. From this, a number of reactive interactions 
arise [23]. This leads to the removal of surface contamination together with, amongst 
others, an increase in the number of charged groups. As a matter of fact, the surface free 
energy was drastically increased, which resulted in total wetting and zero contact angles 
for water and diiodomethane. For this reason,  together with its polar and dispersive 
components could not be determined reasonably.  
sγ
The amount of IgG1 adsorbed from the standard 2 mg/ml / pH 7.2 protein formulation 
was determined independently. It was highest on glasses of lower surface free energies, i.e. 
of lower polar components, such as on the washed and sterilized containers. Adsorption 
was markedly reduced on glasses which were heated up to temperatures of 500°C or 
higher. The most pronounced reducing effect on the adsorbed amount of IgG1 had the Ar 
plasma cleaning procedure. This strongly supports the conclusion that varying adsorption 
quantities can be associated with differences in the energy state of the surface. As men-
tioned above, changes in the surface free energy were mainly attributable to changes of 
the polar component , whereas the dispersive component  was rather stable. Hence, 
 is of utmost importance. In this context, a new surface parameter can be introduced 
which reflects the surface polarity and is defined as the quotient of the polar component 
and the whole surface free energy [28]. It becomes obvious that the adsorbed amount of 
IgG1 on glass correlates well with the surface polarity. Thus, IgG1 adsorption decreases 
when the surface polarity increases. To prove the general validity of this result, surfaces 
different from hydrophilic glass, namely siliconized glass and COP plastic, were addition-
ally tested. The results are shown in Figure 4.  
p
sγ dsγ
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Figure 4: Surface free energy of borosilicate glass vials (reference) compared with surface free 
energy of siliconized glass vials (one-sided measurement) and COP plastic vials; surface free 
energy divided into a polar and a dispersive component (bars); overlaid is the resulting quan-
tity of IgG1 adsorbed after 24 h from the standard formulation pH 7.2 (squares) (n = 3). 
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As expected, siliconized glass exhibits a considerably smaller surface tension than pure 
glass. The polar fraction reaches values near zero, whereas the dispersive part only dimin-
ished to a small extent. This is consistent with the chemical properties of the polydimeth-
ylsiloxane (PDMS) oil used for surface hydrophobization [29]. In this regard, water con-
tact angles on PDMS were described to be the same as on paraffin, and it was concluded 
that the surface of PDMS consists of rather close-packed methyl groups [30]. According 
to our expectations, a low surface polarity promoted increasing protein adsorption, and 
the adsorbed amount of IgG1 measured for siliconized glass by far exceeded the values of 
the uncoated glass surfaces. Tensiometric measurements on the COP plastic container 
surfaces revealed water contact angles in the same range as those on the siliconized sur-
faces. Plastic vials were measured in n-hexadecane instead of diiodomethane. This was 
due to problems with an extremely high buoyancy force of the plastic samples submerged 
in CH2I2. Control measurements with appropriate test inks revealed a surface free energy 
of the COP vial surface between 30 - 32 mN/m. This value is in accordance with the 
results determined from the surface free energy calculation (34.0 mN/m) by applying the 
measured contact angles of water (80.2°) and n-hexadecane (0.0°). Thus, the determina-
tion of polar and dispersive components using n-hexadecane as absolutely hydrophobic 
liquid was seen as reliable. The total surface free energy of the polymer was determined to 
be less than the value determined for siliconized glass vials. However, the surface polarity 
of COP is greater, since the polar components represent a greater share of total energy. 
Also the quantity of IgG1 bound on the polymer surface was lower compared to the 
amount bound on the siliconized surface. Finally, the above suggested dependence of 
IgG1 adsorption on the surface polarity was again confirmed. In the course of a detailed 
investigation of the correlation of surface polarity and protein adsorption, the adsorbed 
quantities from the standard IgG1 formulation (2 mg/ml, pH 7.2) within 24 h were as-
sumed to cause saturation on all surface types. The degree of surface polarity ( / ) was 
calculated for each glass sample as well as for the hydrophobic materials. In Figure 5, the 
surface polarity is plotted against the adsorbed amount of protein. It becomes apparent 
that this correlation can be fit by a straight line, indicating an inverse proportionality with 
a correlation coefficient of R = 0.94. At the same time, this also means that protein ad-
sorption linearly depends on surface hydrophobicity, with the latter defined as / .  
p
sγ
d
sγ
sγ
sγ
Although the driving forces and the influencing factors, like pH and ionic strength, are 
elucidated in more detail in Chapter 4, the situation for adsorption from the standard 
IgG1 formulation will be outlined briefly. Isoelectric focusing and zeta potential measure-
ments revealed that at pH 7.2 the IgG1 molecules carry a low net positive charge, whereas 
the glass surface is highly negatively charged. Consequently, protein molecules are elec-
trostatically attracted towards the glass, with the exception of coexisting scattered and 
negatively charged patches on the IgG1, which in turn are repulsed. As a result, attractive  
 
62 
Influence of Vial Surface Properties on IgG1 Adsorption 
 
0 1 2 3 4 5
0.0
0.1
0.2
0.3
0.4
0.5
0.6
s
p
s
γ
γ
Adsorbed amount (mg/m2)
R = 0.94
 
Figure 5: Plot of the surface polarity ( / ) against the total adsorbed amount of IgG1, in-
cluding a linear fit of the data points for various materials tested. 
p
sγ sγ
 
forces should increase with increasing surface polarity, leading to increased adsorption. 
However, the opposite is true. It will be shown later that electrostatic interactions between 
protein and surface have a large influence on the adsorption of IgG on glass surface (see 
Chapter 4). But strong and substantial binding of IgG1 on hydrophobic surfaces, e.g. 
COP plastic vials, in the absence of pronounced electrostatic protein - surface interactions, 
emphasizes the high importance of hydrophobic interactions for IgG1 adsorption. More-
over, an increased adsorbed amount on glass with increasing surface hydrophobicity 
( / ) leads to the conclusion that hydrophobic interactions are the stronger of the two 
driving forces. This holds true at pH 7.2, where the net charge of IgG is low and electro-
static attraction towards the negatively charged surface is not very pronounced. In all 
probability, also the shielding of surface charges by hydrophobic contamination layers 
had contributed to the observed adsorption behavior.  
d
sγ sγ
In the context of adsorption driving forces, also the properties of the proteins are crucial. 
Especially for hydrophilic surfaces, Arai and Norde reported on a widely differing adsorp-
tion behavior of proteins [31]. The authors related this to differences in the structural sta-
bility of the proteins. Structurally stable “hard proteins” showed adsorption only under 
electrostatic attraction, whereas “soft proteins”, characterized by a lower structural stabil-
ity, adsorbed on hydrophilic surface even under electrostatic repulsion. This was ascribed 
to an extra driving force, the structural rearrangements in the proteins [31]. On hydro-
phobic surfaces however, proteins were bound under all conditions of charge interactions. 
Although, in our case, the pH dependency of IgG1 adsorption was not investigated for 
hydrophobic surfaces, a clearly higher adsorption tendency for IgG1 on hydrophobic 
surfaces than on hydrophilic ones under electrostatic attraction could be shown. The 
question whether hydrophobic interactions alone led to this increase in adsorption or  
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whether alterations of the protein’s internal structure contributed to this phenomenon 
could not be unambiguously clarified so far. Structural investigations on the adsorbed 
and desorbed protein fractions on/from the glass surface, respectively, will be presented 
in Chapter 7. 
Concerning the correlation of surface polarity and adsorbed protein quantity, similar 
results were described by Sousa et al. [28]. They investigated HSA adsorption on variably 
treated TiO2 samples and found less adsorption on surfaces of higher polarity. For surface 
polarity measurements, they used a similar tensiometric approach. Furthermore, a linear 
dependency of the adsorbed amount of protein on  was described by Michiardi et al. in 
studies on the adsorption of albumin on blank and oxidized nickel - titanium metal sur-
faces [32]. However, they described just the opposite behavior, namely an increase of 
adsorption with increasing . We assume that the prevailing adsorption conditions for 
proteins were completely different from the conditions on insulating glass or polymer 
surfaces, especially due to the high charge mobility on the conductive metal surfaces. It 
has to be mentioned that the linear relationship has been shown for only a small range of 
 (8 - 14 mN/m). Furthermore, the findings described above were confined only to albu-
min. Fibronectin, for example, did not show this dependency. Marsh et al. reported of an 
increased protein adsorption on hydrophobic silica surfaces than on hydrophilic silica 
surfaces [3]. In this regard, the authors noted differences in the adsorption reversibility. 
The amount of globular proteins that could be eluted by buffer rinsing, reflecting revers-
ible adsorption, depended on the adsorption time and decreased especially on hydropho-
bic surfaces due to pronounced molecular reorganizations. In our case, changes in protein 
adsorption reversibility as a function of surface hydrophilicity and hydrophobicity were 
not investigated in further detail (for reversibility as a function of pH, see Chapter 5).  
p
sγ
p
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p
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With regard to the vial surface characteristics determined above, the high surface free 
energy of the brand-new glass vials is remarkable. It was described by Schwarzenbach et 
al. that alkali borates condensate on the inner vial surface in the course of the vial forma-
tion process [33]. Moreover, this condensation layer was shown to be water-soluble. As a 
result, it can be assumed that under this layer a pristine glass surface is retained during 
vial storage. Once the glass gets in contact with an aqueous liquid, the salts dissolve and 
deposited airborne contaminants are easily removed, giving rise to a high energetic sur-
face. The preceding results indicate that washing and autoclaving increases the contact 
angle of water and hence decreases the surface polarity. This can be explained by unspe-
cific surface contamination during or after the washing step. The fact that clean glass sur-
faces are susceptible to air- (or water-) borne hydrophobic organics, leading to a decrease 
of the surface free energy, was discussed by Mills and Crow [10].  
However, it was also shown that a washing and depyrogenation step was capable of caus-
ing further surface modifications in terms of morphology and chemical composition. 
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Heat treatment at 250°C usually leads to the highest density of silanol groups [34], which 
should result in small water contact angles. However, the opposite was found after the 
250°C treatment. Moreover, the contact angle of diiodomethane even decreased, indicat-
ing pronounced dispersive interactions. Temperatures of 250°C also involve the complete 
desorption of water molecules from the surface [34]. Consequently, increasing dynamic 
advancing water contact angles are the result, as shown for glass slides after an exhaustive 
drying process [35]. Analogously, Lamb and Furlong described that the exposition to 
water vapor or air moisture, respectively, leads to decreasing contact angles as a result of a 
rehydration and rehydroxylation process [36]. This could explain decreasing water con-
tact angles after the autoclaving process under pressurized steam, as opposed to steriliza-
tion in dry heat at 250°C. However, the time span between pretreatment and contact 
angle measurement was several hours and consistent for each pretreatment procedure. 
Thus, an equilibrium water layer on the glass should have formed on any glass sample, 
even after heat sterilization. Again, these considerations point to the fact that unspecific 
surface contamination was the reason for a decreased surface free energy after washing 
and sterilization. Possible sources of contaminants are the rinse water, which is very 
unlikely, or the laboratory air, where contaminants are always present [35]. For instance, 
it was described that hot air drying after the washing step produces high levels of static 
charge, which increases the risk of recontamination [1]. This could serve as an explana-
tion for increased water contact angles after heat sterilization at 250°C.  
By heating up to 600°C and above, the quartz surface is basically rendered hydrophobic 
since dehydroxylation under formation of siloxane bridges occurs. An increase of water 
contact angles from 0° to 41° are described [36]. These heat treatment studies were car-
ried out under vacuum, which, however, may substantially differ from the condition in 
air. In our case, increased water contact angles were not detected after the 600°C treat-
ment. It is assumed that the vial contact to ambient air moisture led to a rehydroxylation 
of the formed siloxanes [37], as well as to a rehydration of the glass surface, and that both 
gave rise to an increased surface hydrophilicity. Another possible explanation would be 
that the heat treatment at elevated temperatures up to 600°C under atmospheric condi-
tions led to a complete oxidation of organic impurities, which resulted in a thorough 
cleaning of the borosilicate glass surface.  
The surface free energy, however, was not as high as that of the glass surface after plasma 
treatment. The effects of plasma on solid surfaces are manifold. Besides a thorough sur-
face cleaning, a further reason for the complete wetting in connection with the plasma 
treatment could be an increase in surface roughness. The correlation of contact angles 
and surface roughness is exemplarily expressed by the equation of Wenzel (Equation 8).  
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Therein, r equals the roughness ratio parameter and θ  the observed contact angle of the 
roughened surface, having the intrinsic angle 
ˆ
0θ  [38,39].  
  (8) 0θ cos  r  θ cos ˆ
Thus, for high energetic surfaces, an increased roughness leads to a decreasing water con-
tact angle and, as a consequence, to an increased surface free energy. However, it remains 
unclear why high-heat-treated or plasma-treated vials did not re-contaminate in the 
meantime. In the following, it will be dealt with the surface contamination issue in more 
detail. 
In simple terms, any surface will aim to minimize its free energy. According to Equation 9, 
the change in the Gibbs energy (dG) is proportional to the change in the surface area (dA) 
and the surface tension or surface energy (γ), respectively. 
 dG = γ dA (9) 
Since liquids minimize their Gibbs energy by assuming a globular shape when possible 
(e.g. at zero gravity), solids as a rule lower their energy by attraction and further deposi-
tion of (organic) contamination. Pharmaceutical packaging containers are usually washed 
before sterilization and filling to reduce particulate as well as unspecific surface contami-
nation [1]. As already assumed for the situation of borosilicate glass vials, inorganic salt 
deposits are thereby removed, which leads to a SiO2-rich surface [23]. However, it was 
also described above that the high energetic glass surface is then particularly susceptible 
to air or water-borne hydrophobic organics. To substantiate this theory, pretreated glass 
samples (washed with water and heat sterilized at 250°C) were analyzed in ToF-SIMS in 
order to gain some indication of unspecific air or water-borne contamination on the top-
most glass surface. ToF-SIMS is an extremely surface sensitive method due to its sampling 
depth of only the first one to two monolayers [40]. Although the method is not absolutely 
quantitative, changes in the relative signal intensities of different chemical species indi-
cate variations of the species’ surface concentrations [40]. It is apparent from Figure 6a 
that our ToF-SIMS spectra revealed a high mass resolution. 27Al+, for example, can be 
clearly resolved from 12C2H3+.  
The signals from the outermost glass surface were compared with corresponding signals 
from an essentially salt free IgG1 layer on the glass surface. Thereby, a proteinaceous 
origin of the adherent contamination should be assessed. Exemplary mass spectra of the 
washed and heat sterilized glass surface (Figure 6a) and the bulk protein on glass (Fig-
ure 6b) are shown in detail around m/z of approx. 27 - 28 and 44 - 45.  
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(a) (b) 
 Mass (amu) Mass (amu) 
 Mass (amu) Mass (amu) 
Figure 6: Selected ToF-SIMS spectra sections of (a) the washed and heat sterilized glass surface 
and (b) the thick IgG1 film without buffer salts put on the glass surface.  
 
According to Figure 6a, characteristic glass components like Al+, Si+ and SiOH+ (red 
peaks) dominate the ToF-SIMS spectra of the glass surface. In addition, fragments whose 
origin is not from the glass surface, as for instance C2H3+, emerge. These fragments repre-
sent surface contamination [25] and may originate from volatile air or water-borne 
hydrocarbons (purple peak). Also, nitrogen-containing species (green peaks) were detect-
able with significant intensities, which allows the conclusion that deposits other than pure 
hydrocarbons are present on the glass as well. Traces from equipment cleaning agents, 
impurities in the ultrapure water, or even proteinaceous components are possible. Alto-
gether, a broad spectrum of most diverse fragments was detected, but none of them is 
indicative of a definite source. Glass components are missing in ToF-SIMS spectra of the 
dried IgG1 bulk (Figure 6b). Nitrogen-containing fragments clearly dominate the spectra, 
as expected. However, C2H3+ fragments are detectable in protein samples as well, which, 
in this case, are predominantly derived from amino acids. A comparison of the protein 
spectra with the spectra of the pre-washed and heat sterilized glass surface revealed indi-
cations of contamination of proteinaceous origin. However, the portion of nitrogen-con-
taining fragments was relatively small, indicating that the majority of contaminants origi-
nated from unspecific aliphatic deposits.  
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3.2 Persistence of Plasma-Mediated Surface Hydrophilicity and Related 
IgG1 Adsorption Properties after Vial Storage 
The influence of storage time on plasma surface-treated borosilicate glass vials and on the 
subsequent protein adsorption behavior was investigated. All vials were washed and heat 
sterilized (reference vials). At time point “0”, the sample vials were plasma-treated for 10 
or 30 sec. The sample vials as well as reference vials were sealed with gray butyl stoppers 
and stored at ambient conditions in the dark. Subsequently, the adsorbed amount of 
protein after 24 h incubation from a 2 mg/ml / pH 7.2 IgG1 solution was measured. As 
shown in Figure 7, IgG1 adsorption on the untreated reference was in the area of 
2.3 mg/m2. In contrast, plasma cleaning at both durations was effective at reducing the 
adsorbed mass by almost a factor of five. The cleaning effect only sustained for a short 
time, as the protein adsorption tendency increased quickly within the first two weeks of 
storage. The adsorbed amount approached the value of the untreated reference after an 
eight-week storage. Also, the non-plasma-treated reference vials showed a continuous 
trend to increased protein binding during storage. Thus, although not explicitly measured, 
storage gives rise to a change of the surface properties. A phenomenon of surface hydro-
phobicity recovery was recently described for, among others, glass surfaces by Mills and 
Crow, which they denoted as “dark hydrophilic to hydrophobic process”. They ascribed 
this effect to contamination by airborne hydrophobic organics [10].  
As outlined in Chapter 1, multiple factors lead to and govern protein adsorption phe-
nomena. The most important ones are electrostatic attraction, hydrogen bonds, hydro-
phobic interactions, dispersive interactions, and a driving force on the basis of structural 
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Figure 7: Persistence of the plasma cleaning effect upon storage of borosilicate glass vials; pre-
washed and heat sterilized glass containers (  ) (= reference) were plasma-treated for 10 sec. 
(  ) or 30 sec. (  ) and stored in the dark at room temperature; adsorbed amount of IgG1 
measured after 24 h incubation with 2 mg/ml IgG1 pH 7.2 in PBS (n = 3).  
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alterations due to decreased protein stability. On the part of the glass surface, ionic inter-
actions are mediated by dissociated hydroxyl groups of the glass, by surface-bound low 
molecular weight ions from the electrolyte solution or potentially by the glass-incorpo-
rated metal ions. As shown above, the adsorbed amount of protein is sensitive to alter-
ations of the surface qualities, which were shown not to be stable over time. This problem 
could be solved by an alternative surface treatment and may even include the application 
of appropriate protein-repelling coatings to reduce adsorptive losses to the packaging 
surface. Relevant proposals are reviewed and evaluated elsewhere [41-44].  
 
3.3 Tensiometric Investigation of Protein-Covered Glass Surface  
Tensiometric measurements were carried out on adsorbed protein films deposited from 
IgG1 solutions of the different pH values 4.0, 7.2, and 8.6, which equal the pH of maxi-
mum adsorption at 170 mM ionic strength, the pH of the standard formulation, and the 
IEP of the IgG1, respectively (see Chapter 4). After immersing them 2 times in correlating 
blank buffer, the glass samples with adsorbed protein were washed twice in deionized 
water. The purpose was to remove an excess of unbound protein and buffer salts, respec-
tively. Contact angle measurements of the wet hydrated protein films would have been 
only reflective of the water present on the analyzed surface, water as a measuring liquid 
would have completely wet, and the measurements therefore would not have led to suc-
cess [45]. Thus, adsorbed protein was dried, taking the risk of inducing structural alter-
ations through the removal of the hydration shell (see Chapter 7). In our tensiometric 
measurements, diiodomethane was used as an unpolar test liquid. In this regard, struc-
tural changes of the protein may also arise from the contact with organic liquids during 
measurements [45]. However, by means of the following measurements, only a basic 
correlation between surface free energies and the mass of adsorbed IgG1 on the glass 
surface was to be evaluated. The resulting surface free energies and the corresponding 
adsorbed IgG1 quantities are shown in Figure 8a, and the measured values are listed in 
Table 3. 
In contrast to the non-incubated reference sample, the protein-covered glass surfaces are 
accompanied by a virtually complete disappearance of the polar surface energy fraction, 
whereas the dispersive part remains almost unchanged. This indicates that, among others, 
the large number of hydrogen-bridge-donating hydroxyl functions of the glass surface has 
extremely decreased after the surface was covered by proteins. The lack of  also indi-
cates the absence of ionic as well as hydrogen bonding entities on the part of the protein 
in adsorbed and dried state. This is not surprising since air represents a hydrophobic 
medium itself, and the proteins adapted their structure to this new circumstance. In other 
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Table 3: Dynamic advancing contact angles, calculated polar ( ) and dispersive components 
( ) of the surface free energy, surface polarity parameters ( / ) of IgG1 films adsorbed 
from different formulation pH (24 h) on glass vial surface.  
p
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sγ sγ
 
Dynamic 
adv. CA (°) 
H2O / CH2I2 
pγs s s s 
(mN/m) 
dγ  
(mN/m) 
pγ / γ  
 
IgG1 
adsorbed 
(mg/m2) 
Incubation at pH 4.0 98.0 / 7.70   0.0 49.5 0.000 4.78 ± 0.08 
Incubation at pH 7.2 89.4 / 7.10   0.3 49.6 0.006 2.54 ± 0.10 
Incubation at pH 8.6 87.1 / 0.00   0.5 50.8 0.010 1.65 ± 0.11 
Reference (blank glass washed 
d heat sterilized) 
46.4 / 13.3 
 
16.2 
 
49.1 
 
0.248 
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Figure 8: (a) Surface free energy of adherent protein layers (bars) and correlating surface con-
centrations of IgG1 (  ) on borosilicate glass after incubation at the declared pH. (b) Surface 
polarity (  ) as a function of total adsorbed amount of IgG1 including a power function fit. 
 
words, the proteins underwent structural alterations, and predominantly hydrophobic 
residues were presented towards the atmosphere. However, a residual portion of  
obviously remains available after adsorption at pH 7.2 and 8.6. This indicates that either 
the degree of protein unfolding was lower than at pH 4.0, namely with preservation of a 
residual polar shell of the protein, or the glass surface itself contributed to the measured 
surface free energy. Although atomic force microscopy of dried IgG1 layers, adsorbed 
from the respective pH values on glass (see Chapter 7), revealed no homogeneous surface 
coverage at any pH, it demonstrated that the surface coverage at pH 4.0 was higher than 
at the other pH conditions. This becomes apparent from the adsorption values of IgG1 at 
the respective pH as well, which are depicted in Figure 8a.  
p
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The relationship between surface polarity and the adsorbed amount of IgG1 on the glass 
surface is illustrated in Figure 8b. All the surface polarity values for protein-covered sam-
ples are in the lower range, but a clear increase can be observed with less protein bound. 
The assumed resultant curve progression is approximated by a nonlinear curve fit. Thus, 
according to the power function, only for protein surface concentrations less than approx. 
1 mg/m2 does the surface polarity distinctly increase in order to reach a value of approx. 
0.25 for the non-covered blank. In contrast to the findings of Addesso and Lund [45], the 
extent of IgG1 bound on glass surface may be predicted rather well by means of the mea-
sured surface free energy. However, in order to prove the validity of this correlation, some 
more data points in the lower protein coverage range would have to be determined. 
Davies et al. described the correlation of variable amounts of BSA on different surface 
types and their water contact angle [40]. They found increasing contact angles on glass 
with increasing protein coverage as well. Since they investigated dried protein layers, 
pronounced unfolding of the proteins was also likely. It was proposed that the change in 
advancing contact angle is not necessarily a linear function of the quantity of adsorbed 
material [38]. Rather similar advancing contact angle values were obtained for a wide 
range of different degrees of surface coverage. Johnson and Dettre [38] suggested that 
with the adsorption of a lower energy phase (protein) on a higher energy phase (glass), 
the aqueous advancing contact angle reaches the value of the lower energy phase already 
at approx. 10% surface coverage. This again is in accordance with our findings, as indi-
cated by Figure 8b. For the samples investigated, it could be shown that with decreasing 
IgG1 surface concentrations, and, consequently, decreasing surface coverage, the surface 
polarity only changes marginally. Furthermore, an appreciable surface polarity increase 
does not occur before surface coverage reaches a certain limit.  
 
3.4 Influence of pH on Glass Properties Affecting IgG1 Adsorption 
As will be shown in Chapter 4, a characteristic correlation between the protein formula-
tion pH and the adsorbed quantity of IgG1 on the glass vial internal surface exists. Usual-
ly, when the influence of pH on protein adsorption is investigated, mainly variable pro-
tein characteristics like charge and structure are taken into consideration. Besides, for 
example, charge, polarity, stability, and aggregation tendency of the proteins, also the 
surface itself may be affected by heterogeneous solution conditions, contributing to the 
overall adsorption result. Concerning the glass surface properties, one of the most critical 
formulation parameters affecting adsorption is probably the pH value. Therefore, the 
question arose whether and to what extent pH affected the glass surface in terms of 
charge, composition, and stability of the topmost surface layer during the 24 h incubation 
step. 
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Figure 9: Adsorption profiles of IgG1 (2 mg/ml in PBS pH 7.2, 24 h) depending on the glass 
pretreatment in PBS buffer of different pH for 24 h (  ) and with an additional equilibration 
step at pH 7.2 for 7 days in PBS buffer subsequent to pH pre-conditioning (  ); references: 
adsorption in not pre-conditioned but washed and heat sterilized vials (  ) and washed and 
heat sterilized vials solely equilibrated at pH 7.2 for 7 days in PBS (  ) (n = 3). 
 
In the following, the IgG1 adsorption profile from a 2 mg/ml IgG1 solution pH 7.2 in bo-
rosilicate glass vials, pre-conditioned with protein-free formulation buffers in the range 
from pH 2 - 12 for 24 h, was determined. This preincubation refers to the conditions the 
glass faces in the course of the standardized adsorption experiment. Before the glass vials 
were subsequently filled with a protein-containing solution, they were rinsed with ultra-
pure water. Figure 9 depicts the adsorbed protein quantities as a function of the pretreat-
ment pH. Hardly any effect was observed for vials which were pre-conditioned at pH 7. 
Adsorption was even slightly higher than for the untreated reference. Towards both 
higher and lower pH values of preincubation, decreased IgG1 adsorption could be ob-
served. The only data point which does not properly fit in a bell-shaped curve is that of 
the preincubation at pH 2.0, where the subsequent adsorption value was found to be 
exceptionally high. A similar bell-shaped curve was obtained when IgG1 adsorption was 
investigated as a function of the pH value of the protein formulation (Figures 3 and 8, 
Chapter 4). It seems probable that pH-dependent alterations of the glass properties dur-
ing incubation may have contributed to these IgG1 adsorption results as well.  
It was mentioned above that glass, when in contact with an aqueous solution, usually 
forms a hydrated gel layer in the surface-near region. Within this well-hydrated layer, the 
preincubation pH might have been preserved, which might have subsequently influenced 
the protein behavior in contact with the surface. In order to exclude this possibility, an 
additional 7 day equilibration step at pH 7.2 was conducted after the pH pretreatment. As 
already apparent from the reference samples, the equilibration step for 7 days at near-
neutral pH is capable of decreasing the adsorbed amount of IgG1 significantly. The same 
trend was found for the pH-treated glass samples and the bell-shaped curve geometry was 
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maintained. Hence, it can be concluded that the pronounced adsorption-reducing effect, 
particularly at extreme pH values, does not arise from a pH memory effect within the 
hydrated gel layer of the surface-near region. This phenomenon rather originates from 
other factors concerning the glass properties.  
 
3.4.1 Influence of pH on the Elemental Glass Composition  
Borosilicate glass represents a non-inert material whose surface structure and composi-
tion may be affected and altered by different solution parameters, as already stated above. 
For the evaluation of glass corrosion, a possible influencing parameter during the 24 h 
incubation procedure, i.e. the effect of pH on the chemical composition of the glass sur-
face, was analyzed by ToF-SIMS depth profiling. In Figure 10, glass depth concentration 
profiles within the top 15 nm of the most important glass components are shown after a 
corresponding pH pretreatment. Besides the network formers silicon (30Si) and boron 
(11B), also the additional components like sodium (23Na), potassium (39K), calcium (40Ca), 
and aluminum (27Al) were analyzed (see the monitored isotopes in parentheses). For 
better clarity, in each curve only a small fraction of the measured data points is depicted, 
indicated by the respective symbols. According to the theory, the glass network dissolves 
in contact with liquids of highly alkaline pH. Thus, a pristine surface is formed, which, in 
our case, served as pure glass reference. At the beginning of the measurement, it took 
some seconds, correspondingly a fraction of a nanometer, until equilibrium measurement 
conditions were reached and surface contamination of any origin was removed. For none 
of the elements depicted in Figure 10, the surface concentrations obtained after the 
pH 7.2 incubation deviated markedly from the surface concentrations obtained after the 
pH 12 incubation. Thus, as expected, a pronounced alteration of the glass surface compo-
sition due to the contact with a buffered solution of pH 7.2 was not the case. However, the 
situation is somewhat different at lower pH values, where metal ions are usually dissolved 
out of the outermost glass surface in terms of a simple ionic exchange process. In Figure 
10a, b, and d it is apparent that Na, K, and Al were depleted to a depth of approx. 2 - 3 nm. 
By contrast, the leaching effect for Ca (Figure 10c) is more distinct than for other metal 
ion types. Furthermore, it is remarkable that Ca concentrations do not reach reference 
values within the first 15 nm. This result is contrary to the findings of Koenderink et al. 
who described a lower extent of divalent cations leaching, as well as smaller depletion 
depths for Ca than for Na [20]. However, in their studies, they used sodium silicate 
glasses containing earth alkaline oxides, instead of borosilicate glass. Moreover, their 
leaching conditions were pH 6.9 (non-constant) and 60°C. In general, between pH 1 and 
9, the rate of ion exchange was postulated to only slightly depend on pH [20], whereas in 
our case, the effect was accelerated more at pH 2 than at pH 7.2. That means the kinetics  
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Figure 10: ToF-SIMS depth profiling (approx. 15 nm) on borosilicate glass wall; vials were pre-
washed with ultrapure water, heat sterilized and incubated for 24 h with PBS buffer of pH 7.2 
(  ), 2.0 (  ), or 12.0 (  ); ToF-SIMS peak areas of selected elements are depicted time and 
depth-dependent in (a) - (f). 
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of the interdiffusion process on borosilicate glass clearly changed with pH. By contrast, 
hardly any or no influence of solution pH is observed on the surface content of the net-
work formers boron and silicon (Figure 10e and f). It is well known that the glass network 
is not attacked by acids, but rather a gel layer forms whose thickness grows diffusion-
controlled [23].  
Protein adsorption on glasses of different elemental composition has not been studied yet. 
Also, in our case, the particular correlation of ionic glass composition and IgG1 adsorp-
tion propensity was not investigated in detail. In this regard, it could be clearly shown 
that the composition of the surface-near region of the glass vials is not stable during the 
24 h adsorption experiment, depending on pH. Hence, the possibility of a direct influence 
of the surface properties on the adsorption characteristics cannot be ruled out. There is 
probably an interference of protein adsorption and glass matrix dissolution in the alkaline 
region and one can assume that the establishment of the adsorption equilibrium is there-
by counteracted. Decreased adsorption quantities would be the consequence, as observed 
for the adsorption of IgG1 at highly alkaline conditions (Figure 8, Chapter 4). However, a 
near-complete decline of adsorption was also observed at pH 7.2, when the glass has only 
been preincubated at high pH before (Figure 9). Accordingly, the concurrency of adsorp-
tion and corrosion cannot be solely accountable for the observed adsorption behavior. 
Notwithstanding the above, also the depletion of glass components at acidic formulation 
pH shown above may at least partially affect protein adsorption. This, however, was not 
examined in detail in the context of this study.  
Besides, the resistance of borosilicate glass was also examined at pH 4.0 in order to gain 
knowledge of the pH dependency of interdiffusion. In Figure 11, ToF-SIMS depth profil-
ing results on borosilicate glass are shown for an incubation term of 30 days with PBS 
buffer pH 4.0 and are compared with the non-incubated reference. Qualitatively, the 
findings are in accordance with the results shown before. Within the surface-near region, 
concentrations of Na, Ca and Al have noticeably decreased after the pH 4.0 treatment. 
The depletion of these elements is confined to the first nanometer, except for Ca whose 
surface concentration was reduced within the uppermost 3 - 4 nm. The effect for K is not 
as distinct as compared to the effect for the other metal ion types. Its initial concentra-
tions are less than those of the reference, but they exceed them within the first nanometer 
until an equilibrium bulk concentration is reached after 1.5 nm. So far, no clear explana-
tion for this phenomenon exists. Possibly, ionization probabilities for K ions of the differ-
ent glass samples changed within the first 30 sec. of the measurement and caused fluctuat-
ing SIMS intensities. Altogether, the observed effects on the glass composition within 
30 days are much less pronounced than after incubation at pH 2 for merely 24 h. This 
again proves the pronounced dependency of the interdiffusion effect on pH (see above). 
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Figure 11: ToF-SIMS depth profiling on borosilicate glass wall after 30 days in pH 4.0 PBS 
buffer (  ) and on the non-incubated reference (  ); beforehand, vials were pre-washed with 
ultrapure water and then heat sterilized; ToF-SIMS peak areas of selected elements are depicted 
time and depth-dependent in (a) and (b). 
 
For the network formers Si and B, a total consistency of element concentrations in the 
surface-near region of the pH-treated sample and the reference sample was detected. This 
repeatedly indicates that the glass network is not affected at acidic pH.  
As a conclusion, it can be stated that corrosion phenomena are likely to play a role in the 
pH-dependent adsorption of proteins on borosilicate glass. However, the immediate 
effect has to be investigated in more detail. Acidic buffer solutions were shown to cause 
corrosion phenomena of the same kind, but the degree of corrosion highly depended on 
the absolute pH value.  
 
3.4.2 Influence of pH on the Glass Surface Free Energy  
The above results reveal that the contact of the borosilicate glass surface with buffered 
solutions of different pH seriously affects the amount of surface-bound IgG1. This has 
been discussed within the context of changes in the glass surface composition, which, 
however, could not be totally proven. But, in the previous sections, the amount of protein 
adsorbed was clearly shown to be a function of the surface free energy (see 3.1). It stands 
to reason that the pH value of the buffer solutions may have an effect on the surface free 
energy as well, which, however, has to be demonstrated. Figure 12a depicts the surface 
free energy changes of pH pre-conditioned borosilicate glass vials in comparison with the 
not pretreated reference vials. The surface free energy  appreciably increased for very 
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Figure 12: (a) Surface free energy of additionally pH-pretreated borosilicate glass vials at the 
declared value; reference values are related to the pre-washed and heat sterilized vials; surface 
free energy divided into a polar and a dispersive component (bars); overlaid is the resulting 
amount of IgG1 adsorbed from the standard formulation pH 7.2 (n = 3).  (b) Surface polarity 
( / ) as a function of pretreatment pH value; dashed line indicates the polarity value of the 
reference.  
p
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high and very low pH values of glass preincubation, particularly through a pronounced 
increase of the polar part. Accordingly, the surface polarity increased as well. Previous 
results already showed that  is more subject to change than  with regard to different 
surface states. After the vial preincubation with pH 7.2 buffer, however, both  and  
did not follow this trend, and higher values than for the reference vials were observed. 
The amount of IgG1 adsorbed at pH 7.2, the standard formulation pH, is plotted in 
Figure 12a. As previously depicted in Figure 9, glass preincubation at extreme pH values 
leads to a decreased protein adsorption from an equal protein solution. This tendency 
appeared to be very pronounced for pH 12 but less for pH 2. Hardly any change in ad-
sorption was observed for both pH 4.0 and pH 8.6. The already mentioned exceptional 
increase in surface free energy after the pH 7.2 treatment was not accompanied by a 
decreased, but by a slightly increased adsorption propensity compared to the reference.  
p
sγ dsγ
p
sγ sγ
It was shown above that adsorbed quantities correlated best with the surface polarity of 
the glass. In Figure 12b, the calculated surface polarity parameter is plotted against the 
pre-conditioning pH. By pretreating vials with an extremely high or low-pH buffer, the 
surface polarity increased strongly compared to the reference. This goes along with a 
decrease in IgG1 adsorption (Figure 12a), which is in line with the aforementioned corre-
lation. Both pH 4.0 and pH 8.6 did not cause any change in surface polarity. Moreover, 
none of the pH values investigated led to a lower polarity than it had been determined for 
the reference samples. This indicates that at least no (hydrophobic) contamination was 
additionally deposited on the surface by the buffer. On the contrary, it is presumed that 
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highly acidic and highly alkaline solutions were effective in increasing surface polarity by 
the removal of existing contaminants. It was shown above that IgG1 adsorption after 
pH 2.0 pretreatment was lower than the reference level, but higher than it was expected 
due to the high surface polarity. Furthermore, the amount of IgG1 adsorbed after the 
pH 7.2 pretreatment is not in line with the expected value either. An increased surface 
polarity would have implied a pronounced decrease in adsorption, which, however, was 
not the case. With the studies conducted so far, a satisfactory explanation for both obser-
vations cannot be given. Finally, the adsorption results after pH pre-conditioning may be 
explained as follows. In alkaline solutions (> pH 9), a uniform dissolution of the glass was 
favored while an ion exchange was suppressed. Contamination, which had deposited on 
the outermost surface of the glass samples before, was thereby removed, and a pristine 
and highly hydrophilic glass surface resulted. In the moderate pH area, the glass composi-
tion was neither altered nor was contamination removed from the glass. Highly acidic pH 
values again promoted metal ion depletion of the glass surface (interdiffusion effect). 
However, it is questionable whether the adsorption process of proteins is influenced 
directly by an altered ionic composition of the glass. More likely, adsorption reduction is 
also due to a surface-cleaning effect by acids [21], by which organic depositions are large-
ly removed. Thus, the results give rise to the conclusion that differences in IgG1 adsorp-
tion at uniform pH 7.2 after a pH-dependent pretreatment of the glass containers are 
most probably due to changes in the surface polarity, even though some measured 
adsorption results are not fully in line with the above stated polarity adsorption model 
established in 3.1. Moreover, it cannot be excluded that, during the storage of a pH-
adjusted protein solution, cleaning or corrosion effects will interfere with the adsorption 
process and affect the adsorbed amount.  
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4 CONCLUSIONS 
It could be shown that the adsorption of an IgG1 antibody on hydrophilic borosilicate 
glass and hydrophobic (siliconized glass and COP plastic) vial surfaces largely depends on 
the surface properties. The mass of protein adsorbed from a standardized IgG1 solution 
was found to be inversely proportional to the surface polarity ( / ), determined by 
dynamic advancing contact angle measurements. The elemental composition of the out-
ermost surface layer of borosilicate glass is subject to change upon contact with acidic 
protein solutions. ToF-SIMS depth profiling confirmed the expected depletion of metal 
ions in the outermost glass surface upon contact with acidic buffer solutions. In this 
regard, the extent of ion leaching was found to increase with decreasing pH. A possible 
direct effect on adsorption was not investigated explicitly. The dissolution of the glass 
matrix in alkaline solutions could not be proven directly, but was deduced from the 
results of other investigations. In this regard, a preceding contact of glass with blank 
buffers of very high and very low pH values was shown to lead to a subsequent decrease in 
IgG1 adsorption from a uniform pH 7.2 protein solution. It is argued that the surface was 
cleaned from contamination through the preincubation step, being that the surface polar-
ity significantly increased for both pH-extremes. Hydrocarbon-based organic surface 
contamination was found on the glass surface by static ToF-SIMS measurements. But a 
proteinaceous origin to some extent could not be entirely excluded. The source of con-
tamination might be the water used for vial washing, since surface polarity decreased with 
a precedent water washing step, followed by vial sterilization in moist or dry heat. How-
ever, deposition from the laboratory air seems more likely. Besides the cleaning effect of 
aqueous solutions of extreme pH, also heating up to 600°C and ambient-pressure Ar plas-
ma treating have shown to be well suited for removing surface contaminants and, thus, 
restoring the highly hydrophilic glass surface. However, both the highly energetic surface 
state and the associated effect of decreased IgG1 adsorption were evanescent. It could be 
observed that the amount of surface-adsorbed IgG1 increased with storage time of boro-
silicate glass vials in air. This equally applied for solely heat sterilized reference vials as 
well as for glass vials featuring a super-hydrophilic surface after cleaning with plasma. 
Finally, it can be concluded that a highly hydrophilic container surface is ideal for mini-
mizing adsorptive IgG1 losses. However, the studies also reveal that surface cleaning 
alone, like heating or plasma treating, cannot ensure an enduring low-binding effect.   
p
sγ sγ
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Chapter 4   
 
Influence of the Protein Formulation on IgG Adsorption  
to Vials 
 
Abstract 
It was the aim of this work to investigate the influence of formulation parameters like pH 
and ionic strength as well as of common excipients on the adsorption of IgG primarily to 
borosilicate glass vials. Through the response of IgG to changing conditions, basic knowl-
edge should be gained on the adsorption mechanism and the driving forces of the adsorp-
tion process. The charge characteristics of IgG and glass surface were determined by iso-
electric focusing and electrokinetic measurements. It could be shown that IgG adsorption 
highly depends on the formulation pH. Likewise, ionic strength had a large impact on the 
adsorption process, whereas the final adsorption result changed subject to the prevailing 
pH. The amount of IgG adsorbed, being a function of pH and ionic strength, was demon-
strated to result from an interplay of attractive and repulsive electrostatic interactions 
between protein molecules and the glass surface as well as among the adsorbed protein 
molecules. The pH of a minimum ion uptake in the adsorption boundary, which, as a rule, 
indicates beneficial adsorption conditions in terms of charge - charge interactions, was 
calculated from electrokinetic measurements. The value coincided well with the adsorp-
tion maximum determined from adsorption experiments on glass vials. Further adsorp-
tion experiments were conducted in the presence of excipients, stabilizing via preferential 
exclusion. At pH 4, the presence of Na2SO4 gave rise to a stronger increase in adsorption 
than NaCl at an otherwise equal ionic strength. Compared with this, no difference was 
observed at e.g. pH 7.2 and 8.6. Various sugars and polyols only had a marginal effect on 
IgG adsorption, except for trehalose and sorbitol, which slightly but significantly in-
creased adsorption at pH 7.2. Protein adsorption in the presence of nonionic surfactants 
(polyoxyl 35 castor oil, polysorbate 80, polysorbate 20, and poloxamer 188) mainly de-
creased with increasing concentrations, whereas the efficiency of adsorption prevention 
increased with increasing hydrophobicity of the surfactants. The amount of absolute 
adsorption reduction remained constant for the pH values investigated. In summary, it 
can be stated that IgG adsorption on borosilicate glass is to a large extent mediated by 
electrostatic interactions. However, at least in part, the contribution of other driving 
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forces like hydrophobic interactions or surface-induced structural alterations at the 
mostly hydrophilic glass surface seems probable.  
 
 
1  INTRODUCTION 
Except for specific interactions of protein molecules with surface groups, the surface con-
tributes to the overall protein adsorption process mainly through an energy gain from 
dehydration, as well as through an ion transfer and an overlap of its electrical field with 
that of the proteins [1]. Hydrophobic dehydration often exceeds the strength of electro-
static effects [2]. A pronounced surface hydrophobic effect for pharmaceutical glass con-
tainers, arising from the surface hydrophobicity and significantly affecting the adsorption 
behavior of IgG1, is shown in Chapter 3. Electrostatic interactions, the second major driv-
ing force, highly depend on the charge properties of both protein and surface. Charges are 
to a great extent influenced by factors such as pH and ionic strength (I). Hence, the pro-
tein formulation is of great importance. Stable protein formulations often include the 
addition of stabilizing excipients [3,4]. Since structural alterations of the proteins can sig-
nificantly affect their interfacial behavior, the influence of those stabilizing excipients on 
protein adsorption is also of particular interest. In adsorption studies of IgG and other 
proteins, the solvent conditions pH and ionic strength [5-8], as well as sorbent surface 
properties, such as electrical charge density and hydrophobicity [9,10], have often been 
used as variables to get information on the driving forces and the adsorption mechanism. 
With the example of IgG adsorption on hydrophilic and hydrophobic silica, the most 
important factors that are typically affected by pH and ionic strength have been the 
adsorption kinetics, the equilibrium adsorbed amount, as well as the degree of adsorption 
irreversibility [11]. Shifts in pH and ionic strength have also been described to affect the 
structural state of a protein [10,12,13], which, in addition, may lead to differences in the 
protein adsorption characteristics. These structural considerations are discussed sepa-
rately in Chapter 7.  
It is a common rule that protein adsorption on hydrophilic surfaces is for the most part 
governed by charge - charge interactions. As already mentioned above, protein adsorp-
tion on a charged surface goes along with an overlap of the electrical double layers of the 
solvated sorbent surface and the protein. According to our expectations, adsorption, on 
the one hand, increases through electrostatic attraction in case both the protein and the 
surface carry a different (net) charge. On the other hand, adsorption becomes more ad-
verse with increasing charge of the same sign [14]. In the latter case, or if either one of the 
“partners” holds a pronounced charge preponderance, a strong net charge and accord-
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ingly a strong electrostatic potential is formed in the interfacial region, which is 
energetically unfavorable [2]. For judging the electrical state of a protein and a sorbent 
surface, the zeta potential (ζ) is of utmost importance. It corresponds with the electric 
potential in the interfacial double layer at the location of the slipping plane versus a point 
in the bulk liquid away from the particle, and controls the charge - charge interaction 
between colloids. The formation of the electrical double layer on colloids or other sur-
faces is largely caused by the dissociation of covalently bound acidic or basic surface 
groups and/or specific adsorption of low molecular weight ions or other charged species 
from the surrounding solution due to dispersion forces, ion exchange, Lewis-acid-base 
reactions, and more [14,15]. This way, a measureable charge even on uncharged surfaces 
without dissociable groups, such as plastic polymers, may result [16]. First of all, the zeta 
potential is governed by the chemical nature of the respective material. For proteins, 
especially the amino acid composition of the molecule surface is determinative, whereas 
for glass it is the chemical composition of the outermost surface layer. With respect to 
colloidal systems, possible influencing factors are size and shape of the dispersed phase 
[17]. Within a common protein formulation, important decisive parameters for ζ are 
ionic strength, viscosity, temperature, and pH. Regarding the latter, the concentration of 
protons has the highest influence on the zeta potential, due to their small dimensions and 
their high charge density [15]. Neutral salts like NaCl contribute to the ionic strength and 
decrease ζ through double layer compression [16]. Explicitly, the Debye length (κ-1), 
which is often referred to as the thickness of the double layer, depends on the factor 
1 / I  (see Equation 4).  
In colloids, zeta potentials are accessible from electrokinetic measurements [18,19]. 
Within the scope of this work, zeta potentials were calculated for borosilicate glass and 
IgG1 from electrophoretic mobility data. Generally, two basic approximation models 
relate the measured electrophoretic mobility (μe) to the zeta potential. In our case, glass 
particles exhibit relatively large dimensions compared to κ-1. Accordingly, the Helmholtz-
Smoluchowski equation (Equation 1) was used to compute the zeta potential,  
 
r0
e
ε ε
ημζ   (1) 
where η equals the viscosity of the liquid, ε0 and εr the permittivity of the free space and 
the relative permittivity of the medium, respectively [20]. For IgG1, the ratio of protein 
radius (a) and electrical double layer thickness (κ-1) was largely decreased due to the small 
protein dimensions.  
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In the case of a thick double layer, with regard to particle diameter, the zeta potential is 
determined by applying the Hueckel approximation (Equation 2): 
 
r0
e
ε ε 
ημζ
2
3
  (2) 
Finally, the electrokinetic charge density (σe) can be derived from the zeta potential. The 
value of σe gives a measure of the amount of electric charges per surface area. For sym-
metric electrolytes, in which the absolute values of the signed units of charge, zi, are the 
same for all ions present, the electrokinetic charge density on the surface of particles 
follows  
 	






kT 
zeζ sinh 
κ
e zn σ
0
e 2
4  (3) 
where n0 equals the number of ions per unit volume, z the valency on the ions, e the 
electron charge, k the Boltzmann constant, and T the absolute temperature [21]. In this 
regard, the coefficient κ is defined by the term 
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in units of m-1 [21]. F is the Faraday constant and R the gas constant. For diluted solutions 
of a strong electrolyte, the ionic strength I in mol·l-1 is defined by Equation 5 (2.2.1). The 
objective of measuring σe is its use for adsorption-specific mathematical calculations. For 
example, the amount of low molecular weight ions can be determined, which is integrated 
in the adsorption boundary and neutralizes unfavorable charge accumulation [18,22]. 
Further details will be provided in the Results and Discussion section (3.1.2).  
Besides their simple contribution to ionic strength, salts can affect the stability of proteins 
in the formulation. Since most proteins are insufficiently stable in solution at room tem-
perature and neutral pH [23], appropriate stabilizing agents are usually added to the 
pharmaceutical formulation. The effects of such excipients on proteins were extensively 
investigated by Arakawa, Timasheff, and coworkers. In general, salts can have either 
stabilizing or destabilizing effects on proteins [24], in so far as protein solubility and 
stability are affected by the preferential solvent exclusion properties of the respective salt 
type [25]. Preferential exclusion arises from an increase of the surface tension of water 
through the co-solvent, which e.g. also holds true for sugars [26]. Polyols stabilize the 
compact nature of a folded protein as the surface contact with the solvent becomes 
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thermodynamically more unfavorable [27]. Another group of stabilizers, namely non-
ionic surfactants, are regularly added to protein formulations in order to increase the 
protein solubility and stability e.g. against shaking or stirring stress [28]. But they have 
also shown to reduce adsorptive losses to different surfaces [29-31].  
It was the aim of these studies to investigate the influence of the most important formula-
tion parameters and excipients on the adsorption behavior of IgG1, mainly on borosili-
cate glass. Moreover, from the response of the IgG1 to the particular adsorption condi-
tions, basic knowledge on the adsorption mechanism and the driving forces of adsorption 
should be gained. Special attention was paid to the impact of pH and ionic strength. The 
influence of the preferential exclusion effect from salts or other stabilizing excipients, 
such as sugars and polyols, as well as the effect of four different nonionic surfactants on 
the adsorbed amount of IgG1 was investigated.  
 
 
2  MATERIALS AND METHODS 
2.1  Materials 
2.1.1  Protein Formulation  
For adsorption experiments a 2 mg/ml solution of IgG1 (MW ≈ 152 kDa) in 10 mM 
phosphate buffer and 145 mM NaCl (pH 7.2) was used, which was kindly provided by 
Merck Serono (Darmstadt, Germany). For ionic strength adjustment, the solution was 
dialyzed against a pure 10 mM phosphate buffer solution (NaH2PO4 and Na2HPO4 from 
Merck Chemicals, Darmstadt, Germany), using Vivaflow® 50 tangential flow filtration 
cartridges (Sartorius-Stedim Biotech, Goettingen, Germany) equipped with a 30,000 
MWCO polyethersulfone (PES) membrane. The IgG1 concentration was determined by 
UV spectroscopy. Variable ionic strengths were adjusted by the addition of NaCl or 
Na2SO4 (Merck Chemicals, Darmstadt, Germany), followed by pH correction using 1M 
NaOH or HCl (Sigma-Aldrich, Munich, Germany). Also, when a defined solution pH was 
adjusted, adequate quantities of NaCl were added to the dialyzed protein solution to 
retain consistent ionic strength. For ionic strength and pH calculations, see 2.2.1. A 
second protein, IgG from human serum (h-IgG) (Sigma-Aldrich, Munich, Germany) as a 
salt-free lyophilized powder, was dissolved in the respective buffer solution and quanti-
fied by UV spectroscopy. Each protein solution, including the standard IgG1 formulation, 
was filtered through a hydrophilic 0.2 μm PES membrane filter (Pall GmbH, Dreieich, 
 
87 
Chapter 4 
 
Germany) before use. Typical protein handling like dilution and sample preparation was 
done in 15 ml and 50 ml polypropylene tubes (GreinerBio-One GmbH, Frickenhausen, 
Germany).  
 
2.1.2  Glass Vials and Closure Systems 
The pharmaceutical containers used for investigations were Fiolax® 2R borosilicate glass 
vials, kindly provided by SCHOTT AG (Mainz, Germany). Vials were preprocessed 
(washed and heat sterilized) as described in Chapter 2. Resin CZ® 2 ml plastic vials 
(Daikyo Seiko, Ltd., Japan), made upon a cyclic polyolefin (COP), were washed in the 
same way as the glass vials but only dried at 80°C for 1 h. After filling, the vials were 
closed with FluroTec® stoppers and finally sealed with Flip-Off® seals, both from West 
Pharmaceutical Services GmbH & Co. KG (Eschweiler, Germany).  
 
2.1.3 Glass Powder 
Glass powder was prepared from borosilicate glass vials Fiolax® 2R. Vials were shattered 
and the flinders, apart from the vial neck, were milled in a Pulverisette® 5 laboratory 
planetary mill (Fritsch GmbH, Idar-Oberstein, Germany) for 8 h, using ZrO2 grinding 
beakers and balls. The powder was fractionated in a sieve tower and the particle fraction 
smaller than 45 microns was collected. Particles were washed 3 times by suspending in 
water for 5 min and were recovered by centrifugation. The particles were dried at 90°C 
and heat sterilized at 250°C for 1 h (primary fraction). Electrokinetic measurements 
required a collective of non-sedimenting glass particles, which was obtained by suspend-
ing the primary fraction in water, followed by sedimentation (secondary fraction in the 
supernatant). A thorough characterization of both fractions is given in Chapter 7.  
 
2.1.4 Chemicals / Excipients 
Polysorbate 20, Ph. Eur. (PS 20) and polysorbate 80, Ph. Eur. (PS 80) were purchased 
from Uniqema (Croda Healthcare Europe, Cowick Hall, UK). Poloxamer 188, Ph. Eur. 
(P 188) and polyoxyl 35 castor oil, USP/NF (PCO 35) were a gift from BASF (Ludwigs-
hafen, Germany) and were used as received. D-(+)-glucose monohydrate (Ph. Eur.) and 
sucrose (Ph. Eur.) were purchased from Sigma-Aldrich (Munich, Germany). D-(+)-Tre-
halose dihydrate was obtained from Ferro Pfanstiehl (Waukegan, IL, USA). Glycerol 85% 
(Ph. Eur.) was purchased from Sigma-Aldrich, Munich, Germany) and D-sorbitol 
(Ph. Eur.) as well as D-mannitol (Ph. Eur.) were purchased as powders from Caesar & 
Loretz GmbH (Hilden, Germany). All excipients were dissolved in blank buffer and 
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added to the concentrated protein solution. As for glycerol, the amounts of buffer salts as 
well as NaCl were adapted. Ultrapure water (0.055 μS/cm) for all applications came from 
a Purelab Plus UV/UF system (ELGA LabWater, Celle, Germany) and was filtrated 
through a 0.22 μm membrane filter before use.  
 
2.2 Methods 
2.2.1 Calculation of Ionic Strength 
The interaction of anions and cations in a buffered electrolyte solution leads to a depen-
dence of the equilibrium constants on ionic strength [32]. Therefore, an introduction and 
a consideration of activity coefficients become necessary. Since the pH varies with the 
addition of salt, this in turn necessitates an adaption of the amount of acid or base for pH 
adjustment at different ionic strengths. The overall ionic strength is thereby affected as 
well. In the scope of this work, ionic strengths along with the volumes of acid or base 
needed for pH adjustment, but also the amounts of NaCl required for the adjustment of a 
defined ionic strength, were determined by an iterative calculation process. As a first step, 
the ionic strength of the system was calculated according to Equation 5 [33], assuming 
that activity coefficients were 1.  
   (5) 


n
1i
2
iizcI 0.5
In this case, ci is the concentration of ion i in mol·l-1 and zi the valency of the ion, respec-
tively. In the following, , the practical dissociation constants of each conjugate disso-
ciation pair j, were calculated with the formula given by Ellis and Morrison [34]: 
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*
aj 0.11
0.52  (6) 
It has to be mentioned that Equation 6 is derived from an approximate form of the 
Debye-Hueckel equation and therefore valid for dilute solutions. The pKaj values corre-
spond to thermodynamic dissociation constants and were taken from Stoll and Blanchard 
[35]. As for the phosphate buffer, these were pKa1 = 2.15, pKa2 = 7.20 and pKa3 = 12.33. 
Furthermore, z equals the charge of the associated conjugate base. Thus, the value of  
varies with the ionic strength and will resemble pKaj for I = 0. Calculations were per-
formed with a computer-based spread sheet and iterated until the calculated ionic 
strength reached a constant value.  
*
ajpK
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2.2.2 Isoelectric Focusing 
Isoelectric focusing (IEF) was performed on a Multiphor II™ electrophoresis system com-
bined with an EPS 3501 XL power supply and a MultiTemp III thermostatic circulator 
(GE Healthcare Europe GmbH, Freiburg, Germany). IEF gels were precast Servalyt® Pre-
cotes® Wide Range pH 3 - 10 as well as Range pH 6 - 9 gels (Serva Electrophoresis GmbH, 
Heidelberg, Germany). Serva Liquid Mix IEF Marker 3 - 10 was used as protein standard. 
The protein sample concentration was 2 mg/ml in a 10 mM NaCl solution. Final gel stain-
ing was accomplished using the Serva Violet 17 staining kit.  
 
2.2.3 Electrophoretic Mobility Measurements by Dynamic Laser Light Scattering  
Dynamic laser light scattering was applied to investigate the electrophoretic mobility of 
both glass particles and IgG1 molecules. Zeta potentials and surface charge densities were 
derived from this data. Measurements were performed on a Zetasizer Nano ZS (Malvern 
Instruments GmbH, Herrenberg, Germany), operating with a 4 mW He-Ne laser at 
633 nm. Measurements in exclusively “monomodal mode” (50 V const.) were performed 
in Malvern disposable zeta cells at 25°C in a filtrated aqueous solution of 10 mM NaCl. 
The IgG1 concentration was 6 mg/ml. For a simplification of both calculations and indi-
vidual pH adjustment procedures, the addition of buffer salts to the sample medium was 
avoided. Device control and final data analysis were performed using Malvern Dispersion 
Technology Software version 5.10 (Malvern Instruments GmbH, Herrenberg, Germany). 
The pH adjustment of the samples was computer-controlled by a Malvern MPT-2 Auto-
titrator. A sample volume of 5.0 ml was put in a stirred polypropylene (PP) tube and 
titrated with 0.1 M NaOH to pH 12 and with 0.1 M HCl to pH 2. For checking purposes, 
analogous samples were titrated beginning from pH 2.0 to pH 12.0 or conversely.  
 
2.2.4 Determination of the Hydrodynamic Diameter by Dynamic Laser  
Light Scattering  
The hydrodynamic diameter of IgG1 was measured on a Zetasizer Nano ZS (Malvern 
Instruments GmbH, Herrenberg, Germany). The scattering information was detected in 
non-invasive back-scatter (NIBS) mode at 173°. The distribution by intensity was calcu-
lated from the correlation function with the high resolution multiple narrow mode.  
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2.2.5 UV Spectroscopy 
UV spectroscopy for protein concentration measurements was performed on a tempera-
ture-controlled Agilent 8453 UV/VIS spectrophotometer (Agilent Technologies GmbH, 
Boeblingen, Germany) at 25°C, λ = 280 nm using quartz cuvettes and applying an extinc-
tion coefficient of 1.40 cm2/mg for antibodies [36].  
 
2.2.6 Adsorption Process 
The standardized adsorption procedure of IgG1 in containers was discussed in detail in 
Chapter 2. Briefly, the preprocessed vials were filled with 2 mg/ml IgG1 solution or 
1 mg/ml h-IgG solution, respectively, closed, and incubated 24 h in a water bath at 25°C 
with slow horizontal movement (25 rpm). The vials were emptied using a syringe with an 
injection needle and rinsed in four steps with buffer solution correlating the respective 
formulation. For desorption of the inherent proteins, the vials were filled with PBS buffer 
pH 7.2 (10 mM phosphate plus 145 mM NaCl) containing 0.05% SDS, sealed and stored 
at the above conditions over night for a further 14 h.  
 
2.2.7 Size Exclusion High Performance Liquid Chromatography  
Desorbed protein quantities were analyzed via Size Exclusion HPLC on an Agilent 1100 
(Agilent Technologies GmbH, Boeblingen, Germany) equipped with a Tosoh TSKgel 
G3000SWXL and a TSKgel SWXL guardcolumn (Tosoh Bioscience GmbH, Stuttgart, 
Germany). The mobile phase equaled the desorption buffer described above. The injected 
sample volume was 400 μl and the run duration was 50 min. The protein fluorescence 
signal at λex / λem 280 nm / 334 nm was recorded by a Thermo Spectra 3000 fluorescence 
detector. All chromatograms were integrated manually by using the Agilent ChemStation 
software Rev. B 02.01 (Agilent Technologies GmbH, Boeblingen, Germany). In each 
HPLC batch run, a 10-point IgG1 calibration from of 0.1 - 10.0 μg/ml was included.  
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3 RESULTS AND DISCUSSION 
3.1 Influence of Charge on IgG Adsorption – Formulation Parameters pH 
and Ionic Strength  
As described before, protein adsorption on charged surfaces is governed by electrostatic 
interactions. Proteins consist of a multiplicity of dissociable groups, and the overall 
charge of a protein molecule results from an overlay of all dissociation equilibria. For 
glass, the surface charge primarily arises from the dissociation of surface-exposed 
Si−OH groups. For proteins, it is mainly the dissociation of amino acid residues that 
accounts for charges on the surface. Furthermore, the surface potential is altered by the 
attachment of electrolytes, e.g. salt ions, with or without a specific surface affinity. The 
effect of surface-attached ions or charged molecules is associated with compensation resp. 
screening of “free” charges, which similarly affects the protein and the glass surface. 
Therefore, the influence of the two most important pharmaceutical formulation parame-
ters on the IgG1 adsorption, pH and ionic strength, was investigated.  

 
3.1.1 Charge Characterization of IgG and Glass Surface  
Initially, the charge state of glass and the two IgG fractions was characterized according to 
pH and ionic strength. The area of the isoelectric pH as well as the number of discrete iso-
forms of both IgG types, the monoclonal IgG1 and the human IgG from pooled serum, 
were determined with isoelectric focusing. As shown in Figure 1, IgG1 exhibits 6 - 7 
characteristic isoforms in the range from pH 7.62 to 8.16. The explicit values for the 
respective fraction are listed in Table 1. Different isoforms are basically originated from 
micro-heterogeneities of C-terminal Lysines, from deamidation within several Asn - Gly 
deamidation sites, as well as from differences in the glycosylation pattern. The situation 
for human IgG is somewhat different. Here, as expected, no characteristic isoforms, but a 
broader and consistent distribution is apparent, since the fraction represents a wide-
spread collective of IgG types. The pI range reaches from approx. pH 7.0 to 8.6, and no 
distinct boundary was observed.  
Electrokinetic mobility measurements were accomplished as a function of pH, using IgG1, 
h-IgG, as well as the borosilicate glass particles. Both colloids, the glass particles and the 
protein molecules, were treated as spheres with a homogeneously distributed surface 
charge. The approximate globular shape of the glass particles could be demonstrated by 
SEM (see Chapter 7), whereas the spherical shape of IgG1 was postulated for all following 
calculations. Zeta potentials were calculated from electrokinetic mobility data and plotted 
in Figure 2a.  
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Table 1: Discrete isoforms (pI) of IgG1 
and pI range of h-IgG. 
 IgG1 h-IgG 
maximum 8.16 8.6 
 8.07 | 
 7.97 | 
 7.89 | 
 7.80 | 
minimum 7.62 7.0 
(a) 
 
 
(b) 
 
 
   
Figure 1: Isoelectric focusing gels for the determination of the IEP of IgG1 and h-IgG in a broad 
range (a) pH 3 - 10 and a narrow range (b) pH 6 - 9; marker bands can be assigned to the pI 
values: (I) 10.7;  (II) 9.5;  (III) 8.3;  (IV) 8.0;  (V) 7.8;  (VI) 7.4;  (VII) 6.9;  (VIII) 6.0;  (IX) 5.3; 
(X) 5.2;  (XI) 4.5;  (XII) 4.2. 
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Figure 2: Zeta potential as a function of pH, determined by electrophoretic mobility measure-
ments in 10 mM NaCl solution (n = 3);  (a) zeta potential of IgG1 (  ) and h-IgG (  ) as well as 
IgG1 theoretical charge distribution determined from the primary sequence (dotted line); the 
arrow indicates the corresponding axis;  (b) zeta potential of washed and heat sterilized (250°C, 
1 h) borosilicate glass particles (  ).  
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For both IgGs, the curves exhibit the shape of a typical protein titration curve. Accord-
ingly, IgG shows a positive net charge at pH values below the IEP and a negative potential 
above. The mean IEP of IgG1 and human IgG, as the intercept with the x-axis at zero mV, 
was determined at 8.33 and 8.28, respectively, which corresponds with the results from 
isoelectric focusing. The isoelectric points of the materials investigated are within the 
spectrum of pH 5.8 [5] to 9.0 [37], described in literature. Concerning the average charge 
status of all isoforms, there is hardly any difference between both IgG samples, as indi-
cated by the identical curve shape. The results for IgG1 were verified by comparison with 
the theoretical charge, which was calculated from the protein sequence using the IEP 
module of the European Molecular Biology Open Software Suite (EMBOSS) [38] 
(Figure 2a). It has been described that the net charge estimations based on the amino acid 
composition, using intrinsic pK values, may deviate to some extent from protein titration 
experiments [39,40]. One reason would be protein-internal electrostatic interaction, 
which changes the propensity for ionization [40]. Although the theoretical calculation can 
only be considered a rough approximation, it coincides well with the curve shape derived 
from electrophoretic mobility measurements. Minor deviations may have been caused by 
some of the assumptions stated above. In this regard, it has to be mentioned that due to 
the titration set-up, ionic strength in the test liquid could not be kept absolutely stable, 
which may have contributed to curve deviations as well. One example could be the 
observed flattening of the protein titration curves in the border region. However, this 
phenomenon is not exceptional and has been described to occur at pH values far from the 
pI, where molecules are considerably charged [39]. The theoretically calculated IEP is 
located at 8.69. Since the measured pI does not seriously deviate from the theoretical 
value, it can be concluded that the zeta potential or the protein net charge in solution is 
not dramatically changed by preferential adsorption of a certain ion type from the protein 
solution.  
As expected, the glass surface is highly negatively charged in the whole alkaline pH region 
with zeta potential values down to -70 mV (Figure 2b). This high value does not apprecia-
bly vary in the range from pH 12 right up to pH 7. Within this range, surface-exposed 
Si−OH groups are largely dissociated. With decreasing pH, the surface potential be-
comes less negative through increased protonation. The glass surface finally reaches its 
IEP at 2.28. According to literature, the pI of silica is approx. 2 [8,20,41], but may vary in 
the range from pH < 1 to 5.5, depending on the ions present in the liquid phase [41]. It is 
not very unlikely that borosilicate glass, which contains a fraction of additional compo-
nents, like e.g. aluminum oxide and boron oxide, therefore shows a pI different from pure 
silica. Barz et al. have mentioned a pI of borosilicate glass in the range between pH 1.7 -
2.0 [42]. Figure 2b also reveals a certain drift of the zeta potential to less negative values 
above pH 11, which again was presumably attributed to an increase in the ionic strength 
 

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through the titrant solution. Such a phenomenon could not be observed in the acidic 
threshold region. In the following, the zeta potential is simplified and referred to as 
“charge” of the respective materials.  
Within the scope of this work, the main investigations concerning IgG1 were reduced to 
three different formulation pH values: pH 4.0, the pH of maximum adsorption at 
170 mM ionic strength, pH 7.2, which represents a common protein formulation pH, and 
pH 8.6, assuming most proteins are in a net uncharged state. Although isoelectric focus-
ing results revealed an IEP between pH 7.6 and 8.2, pH 8.6 was clearly referenced by elec-
trokinetic measurements (pH 8.3) and theoretical calculation (pH 8.7).  
 
3.1.2 Impact of the Formulation pH on IgG Adsorption 
3.1.2.1 The Adsorbed Quantity as a Function of pH 
The influence of pH on the adsorption of IgG on borosilicate glass vials was investigated 
in the following. In these studies, adsorption plateau values as a function of pH (Γpl(pH)) 
were determined in the range from pH 2 to 12. According to adsorption isotherms (see 
Chapter 5), plateau values (Γpl) for adsorption were assumed for incubation at 2 mg/ml. In 
the pH experiments, each formulation contained 10 mM phosphate buffer, whereas the 
ionic strength was adjusted by the addition of an individually calculated amount of NaCl 
and held constant at 170 mM. In Figure 3a, the Γpl values are plotted against the formula-
tion pH. For both IgG1 and h-IgG, a bell-shaped dependency is observed, which is com-
mon for protein adsorption on solid surfaces [7,43,44]. For monoclonal IgG1, the highest 
surface concentration is found at approx. pH 4 to 5. Unambiguously, the maximum is not 
placed at the IEP. From pH 6 on, adsorption steadily decreases towards zero with increas-
ing pH. The most pronounced drop of Γpl(pH) occurs in the upper alkaline pH region. 
Γpl(pH) also decreases from pH values below 4 towards pH 2, albeit not to the same extent.  
The adsorbed amounts of h-IgG compare well with those of IgG1. The pH of maximum 
adsorption for the h-IgG is located in the same pH region, although slightly shifted 
towards a higher pH value. However, Γpl(pH) values do not show the same continuous 
behavior as was observed for IgG1, starting from pH 4.0 towards higher pH values. 
Remarkably, a second local maximum occurs in the area of the IEP (7.0 - 8.6). A pro-
nounced drop of Γpl for pH ≈ 9 as well as a decrease of Γpl towards zero for pH values 
above pH 9 becomes obvious for both the pooled h-IgG and the monoclonal IgG1. 
Reasons accounting for the observed differences must be related to intrinsic protein 
properties. As stated above, the two species differ in their electrostatic properties. It is 
assumed that the broadening of the bell-shaped adsorption characteristic is due to the 
wider range of the IEPs of h-IgG, as compared with the discrete isoforms of IgG1, which 
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Figure 3: (a) Adsorption profiles of monoclonal IgG1 (  ) and pooled human IgG (  ) on 
borosilicate glass depending on pH; incubation for 24 h, 2.0 mg/ml IgG including 10 mM 
phosphate buffer, 170 mM total ionic strength (n = 3).  (b) Detailed investigation in the range 
of the IgG1 adsorption maximum (n = 3).  
 
were closer together. Figure 3b provides a detailed view of the maximum adsorption area 
of IgG1. The location of Γpl(pH)max at pH 4.0 is verified. The absolute surface concentra-
tion deviated by circa 0.5 to 0.75 mg/m2 from the values depicted in Figure 3a because of 
day-to-day variations or slight inhomogeneities of the vial inner surface.  
Protein molecules as well as the borosilicate glass surface in aqueous solution are present 
in a charged state. Therefore, electrostatic interactions are inevitably involved in the ad-
sorption process. These can be classified into electrostatic interactions between protein 
and surface, as well as electrostatic interactions between protein molecules on the surface 
in adsorbed state. As depicted in Figure 2a (3.1.1), the net charge of protein molecules 
increases with increasing pH values above the IEP, and with it, the repulsive forces 
between the molecules. Accordingly, for both IgG1 and h-IgG the adsorbed quantity 
strikingly decreases at pH > IEP. Similar results were described by Zhu et al., who found 
decreasing protein adsorption with increasing charge difference of the same sign, i.e. 
increasing repulsion [45]. But it becomes obvious that adsorption does take place to an 
appreciable extent above the IEP region. It was described that protein adsorption occurs 
spontaneously even though the surface and the sorbent bear the same charge [7,46,47]. 
This can be enabled by the incorporation of ions in the inner region of the adsorbed layer 
to avoid too high of a charge density in the contact region [9]. An extensive investigation 
of the importance of ionic strength on adsorption is given in 3.1.3. Furthermore, the spa-
tial charge distribution on the surfaces of the protein molecules can have an influence as 
well. In Figure 4, the surface-exposed areas of acidic and basic character, which represent 
potential carriers of a charge, are illustrated by means of the IgG1 crystal structure model. 
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Figure 4: IgG1 crystal structure model indicating the electrostatic surface potential, visualized 
by VIDA v3.0.0 (OpenEye Scientific Software, Inc., Santa Fe, New Mexico, USA); surface color-
ing indicates residues/areas of negative (red) and positive (blue) potential; IgG1 front view 
(left) and back view (right).  
 
It becomes obvious that charges are not uniformly distributed on the surface. Thus, even 
if the net charge of the molecules is of the same sign as the surface, e.g. for pH above the 
IEP of the protein, still patches of an opposite charge excess can exist, leading to unhesi-
tant adsorption through electrostatic attraction.  
But also a contribution of other adsorption mechanisms than electrostatic interactions 
was discussed. Structural rearrangements, which outweigh unfavorable contribution of 
electrostatic repulsion, have been described to allow adsorption at pH values above the 
IEP [9]. Last but not least, protein adsorption on glass is to a certain extent driven by 
dehydration reactions (hydrophobic interactions) since the glass surface has turned out to 
be not completely hydrophilic (see Chapter 3). But at least for high pH values greater or 
equal than 11, the circumstances become highly unfavorable and adsorption disappears 
nearly completely.  
For IgG1, Γpl(pH)max is located away from the IEP of the antibody and shifted towards 
lower pH values (pH 4 - 5). It was shown in section 3.1.1 that below pH 8.6, both the glass 
and IgG1 carry different charge signs, and the differences in zeta potentials initially in-
crease with decreasing pH. The pronounced negative charge of the glass in this pH region 
is largely preserved. Accordingly, the net electrostatic attraction towards the sorbent sur-
face increases. But with an increasing net charge of IgG, simultaneously, the intermolecu-
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lar repulsion forces increase as well. Both aspects have to be taken into account, and the 
combination is decisive for the resulting adsorbed amount. After passing an optimum in 
electrostatic conditions, circumstances become more adverse with decreasing pH, since 
the amount of negative charges on glass decreases and thus the electrostatic attraction 
towards the glass. Additionally, the electrostatic repulsion among proteins further in-
creases. Below the IEP of borosilicate glass (pH 2.3) when glass becomes net-positively 
charged, electrostatic attraction towards the surface turns into repulsion, which leads to a 
further decrease in adsorption.  
In several cases, Γpl(pH)max has been found at pH values apart from the protein IEP, e.g. 
for HSA on colloidal TiO2 [19] or BSA on negatively charged polyethersulfone membrane 
[47]. According to the authors, increased electrostatic attraction forces between the oppo-
sitely charged protein and sorbent surface below the IEP led to increased adsorption. 
Consequently, electrostatic interactions between the proteins and the surface outweigh 
the influence of intermolecular repulsion. Furthermore, according to literature, an 
increased irreversibility of protein adsorption has occurred in the pH range below the 
protein IEP because of the local prevalent beneficial electrostatic interactions [48]. 
Accordingly, the fraction removed by the rinsing step was decreased. In contrast, a 
multitude of researchers have reported maximal adsorption at the protein IEP, which 
could be shown for BSA and HSA on hydrophilic silica and other surface types [7,49] and 
also for several IgGs on hydrophilic and hydrophobic silica surface [11], lattices [43], or 
polystyrene microspheres [36]. This incident seems to be independent of protein and sur-
face type, or adsorption conditions. An increased protein stability at the IEP and hence a 
smaller surface area occupied can serve as an explanation for maximum adsorption at the 
protein pI [11,36,50]. In contrast, if not at their IEP, proteins turn out to be less rigid [50] 
and their structural stability decreases. Consequently, the space requirement of proteins 
increases at conditions of reduced structural stability due to a more pronounced unfold-
ing during adsorption (see Chapter 1). Lower Γpl(pH) values than the maximum Γpl(pH)max 
have been attributed to the progressive structural deformation of the adsorbed protein 
molecules [46]. For the structurally stable RNase, the influence of pH on Γpl has been 
found to be less pronounced than for the more instable HSA [51]. Concerning RNase, it 
has been assumed that a densely packed monolayer of unperturbed molecules was formed, 
regardless of the solution pH [51]. On top of that, Bagchi and Birnbaum argued that, for 
IgG adsorption on negatively charged polymer, solely ionization-induced changes of the 
protein conformation and changes of the “area per molecule” were decisive for the extent 
of saturation adsorption [43]. The driving force would then even be completely indepen-
dent from charge - charge interactions between proteins and the sorbent surface. By 
contrast, it was also discussed that the amount of adsorbed protein may be dominated by 
lateral repulsion rather than by attraction between the proteins and the surface. This 
would cause decreased adsorption at pH values other than at IEP, regardless of increasing 
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electrostatic attraction towards the sorbent surface [36,49,52]. Considering the situation 
of both IgG1 and h-IgG on borosilicate glass, electrostatic attraction between surface and 
protein increases below the IEP, which appears to have a decisive impact on adsorption. 
As elaborately depicted in Chapter 7, the molecular structure is not or only marginally 
affected in the pH range from 4 to 9. Likewise, the hydrodynamic diameter of the mono-
mer is not dramatically affected in the pH range investigated (see 3.1.4). In conclusion, 
the results point to the fact that adsorption of IgG1 on borosilicate glass is to a great 
extent driven by electrostatic interactions, which is further elucidated in the following.  
 
3.1.2.2 Electrostatic Interactions within the Adsorption Interface 
In this section, the adsorption process is considered from the perspective of electrostatic 
interactions. Upon adsorption, the electrical fields of the solvated protein and solvated 
glass surface overlap. Hence, charges on both surfaces redistribute, and a charge transfer 
between protein molecules, the glass surface, and the bulk solution occurs [18]. As a 
result, a new charge-equilibrium within the protein - glass complex is formed. The pH-
dependent electrophoretic characterization of this complex can be helpful for interpreting 
the location of Γpl(pH)max. In this regard, Haynes, Norde, and coworkers emphasized the 
importance of the electrostatic state after adsorption. They postulated that the pH of 
maximum adsorption is affected by the charge of the sorbent surface and the protein 
[2,14]. In particular, maximum affinity for adsorption is observed when the charge of 
opposite sign of the protein molecule exactly compensates for the charge on the surface. 
Besides, low molecular weight ions are additionally involved in the adsorption process. 
They are located on the surface of both the glass and the protein molecules and influence 
the zeta potential. This ion balance may be reorganized upon the adsorption process [2].  
Initially, the isoelectric point of the glass - IgG1 complex was determined. Therefore, glass 
particles were incubated in a solution of IgG1 at pH values from 4 to 9 in 10 mM PBS 
buffer. The resulting IgG1 equilibrium concentration after the 24 h adsorption process 
was 2 mg/ml. Thereafter, particles were carefully centrifuged and washed 4 times with a 
10 mM NaCl solution of the corresponding pH. Zeta potentials of the IgG1-surrounded 
glass particles were determined via electrokinetic mobility measurements by applying the 
Smoluchowski model (see Equation 1). Although IgG1 adsorption strongly depends on 
pH, it was assumed that the glass particles were fully covered with IgG between pH 4 to 7. 
Figure 5 depicts ζ of the IgG1-coated glass particles. ζ of the free IgG1 molecules and the 
free glass particles are depicted for comparison. As expected, ζ of the IgG1-covered glass 
particles becomes more negative with increasing pH. The isoelectric point of the complex, 
however, does not coincide with the IEP of the blank glass (pH 2.3) or with that of the 
pure IgG1 (pH 8.3), but is located inbetween at pH 5.8. This indicates that the positively 
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Figure 5: Zeta potential of IgG1-surrounded glass particles at variable pH between 4 and 9 
(  ); for comparison, zeta potentials of the free IgG1 (  ) and free borosilicate glass particles 
in a protein-free solution (  ) from pH 2 to 12 are shown (n = 3).  
 
charged groups of IgG1 are, at least in part, compensated by the negatively charged 
groups of the glass surface [22]. It has been found by means of electrokinetic measure-
ments that Γpl(pH)max normally coincides rather with the isoelectric point of the sorbent -
protein complex [22,44] than with the isoelectric point of the protein, but not in all cases 
[5]. As mentioned above, our electrokinetic measurements were performed in solutions 
of NaCl at 10 mM ionic strength. If a clear relation is to be established, adsorption of 
IgG1 on glass at low ionic strength has to be used as a basis for comparison. When Γpl(pH) 
was investigated at low ionic strength of 40 mM (see 3.1.3), Γpl(pH)max was located in the 
area of pH 5, and thus shifted to a less acidic pH than it was at a moderate ionic strength 
of 170 mM. Since I in electrokinetic measurements was 10 mM, which is even lower than 
40 mM, a further shift towards a more alkaline pH appears very likely. Therefore, also for 
IgG1 on borosilicate glass surface, Γpl(pH)max seems to coincide roughly with the IEP of 
the protein - glass complex.  
The electric charges of the protein and the sorbent surface will hardly ever match exactly. 
Some single charges will inevitably accumulate in case the protein and sorbent carry net 
surface charges of the same sign or in case opposing charges are not fully neutralized. 
This implicates growing forces of repulsion. Since a very low dielectric permittivity pre-
vails in the protein - surface contact zone, this state is energetically unfavorable. There-
fore, low molecular weight ions are transferred from the surrounding liquid to the ad-
sorption layer to prevent accumulation of charges in the contact region [2]. However, this 
ion transfer also includes a chemical effect which itself has turned out to be energetically 
unfavorable and which hinders spontaneous protein adsorption [53]. Hence, maximum 
affinity of proteins to the respective surface type is observed when no further ion incor-
poration is required [2]. The participation of low molecular weight ions of the solution 
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can be determined by comparing σek before and after protein adsorption. σek is obtained 
from ζ according to the theory of diffuse double layers by Equation 7 [20]:  
  T R  2/ ζ  Fz sinh T R c ε ε 8σ 0ek   (7) 
Therein, ε equals the relative dielectric permittivity of the medium, ε0 the vacuum permit-
tivity, c the concentration of the symmetric z - z electrolyte (see above), F the Faraday 
constant, R the gas constant, and T the absolute temperature. In our case, σek was calcu-
lated from ζ measured in 10 mM NaCl. The extent of incorporated ions was estimated by 
applying Equation 8 [14,22]. Because of the overall electric charge neutrality, the charge 
transfer Δadsσek between the adsorbed layer and the surrounding liquid is given by:  
 A(IgG)(glass))(IgG/glass ekekekekads   (8) 
σek equals the electrokinetic charge density at the slipping layer of the IgG - glass complex, 
the glass, and the IgG, respectively. The term Γ∙A is the proportion of the cumulated sur-
face of adsorbed protein molecules to the corresponding glass surface. Γ is the mass of 
protein adsorbed per surface area glass. A equals the surface area per unit mass and is 
defined by the term:  
 
w
A
2
h
M
Nπr A  4  (9) 
For IgG1, the surface area of one molecule ( 2hr4 ) is approx. 335 nm2, assuming a globu-
lar molecule shape and a mean hydrodynamic radius (rh) of 5.16 nm, determined from 
PCS measurements (3.1.4). NA equals Avogadro’s number, and Mw equals the molecular 
weight of IgG1. As an approximation, Γpl(pH)-values, measured at I = 40 mM (Figure 8), 
were used for Γ in the calculations. In the plot of Δadsσek against the formulation pH 
(Figure 6), the contribution of ions to the adsorption process by means of either an 
uptake in or a release from the adsorption region of IgG1 on the borosilicate glass surface 
is depicted. Zero-crossing indicates the energetically favorable state with the least partici-
pation of countervailing ions. The data indicates that below pH 6, the negative charge of 
the glass surface is overcompensated by the positive charges of the IgG1 molecules. 
Therefore, an incorporation of additional negative charges is required to achieve electric 
neutrality. Above pH 6, positively charged ions are necessary to compensate for the excess 
of negative charges on part of the borosilicate glass surface, which had not been suffi-
ciently balanced by adsorbed IgG1 molecules. As stated above, the energetically most  
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Figure 6: Charge transfer (Δadsσek) between the contact region of the adsorbed layer and the 
surrounding liquid (n = 3); Δadsσek approximated according to Equation 8 (σek from electroki-
netic mobility measurements in 10 mM NaCl; Γ taken from the pH adsorption profile at 
I = 40 mM).  
 
favored state is when charges on either surface will more or less precisely match each 
other. The accurate value (pH 6.1) is in accordance with the IEP of the glass - protein 
complex (5.8) and the pH of Γpl(pH)max determined at low ionic strength.  
The results shown above lead to the conclusion that the location of Γpl(pH)max results from 
favorable electrostatic conditions with an optimum of both attractive and repulsive forces, 
indicated by a minimum of low molecular weight ions incorporated in the contact area of 
adsorption. It has to be mentioned that the results depicted in Figure 6 only represent an 
approximation of the true circumstances, since ionic strengths in electrokinetic mobility 
measurements and in vial assay experiments were both in the lower range, but not exactly 
identical. Therefore, the validity of this theory should be reexamined at uniform condi-
tions. Also, a repeated study at moderate ionic strength conditions, e.g. 170 mM, would 
be of interest to confirm the location of the corresponding Γpl(pH)max value at pH 4.0. It 
was stated by Norde and Lyklema that an accurate determination of the ion transfer 
Δadsσek as a function of pH only provides trends [1]. However, as for IgG1 adsorption on 
borosilicate glass, where the adsorption process is at least to a large extent governed by 
pH-dependent electrostatic interactions, this approach has shown to provide further 
understanding.  
 
3.1.3 Impact of the Formulation Ionic Strength on IgG Adsorption 
It was mentioned above that the amount of IgG1 adsorbed on glass is determined by the 
balance of attractive or repulsive forces between protein and surface as well as between 
protein molecules within the adsorption layer. Accordingly, the surface coverage is deter-
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mined by a combination of both effects [54]. In theory, the importance of each factor may 
alter in the course of adsorption time. At the beginning, the glass surface is only sparsely 
populated because protein molecules of the same charge repel each other to some degree. 
Thus, in the early stages, the main effect arises from the interaction of surface and protein, 
whereas at higher surface coverage, intermolecular interactions gain in importance 
through a closer proximity of the proteins. When the surface is completely covered, it 
significantly loses its influence on further adsorption. Generally, the electrostatic balance 
of the adsorption process is influenced by small molecular weight ions, which screen 
charges of the protein and the sorbent surface. Thus, attractive and repulsive forces are 
equally reduced.  
In order to gauge the contribution of electrostatic interactions from IgG1 and the boro-
silicate glass surface on the adsorbed amount, adsorption experiments with protein solu-
tions containing variable concentrations of NaCl were performed. Again, three charac-
teristic pH values were investigated, namely pH 4.0, pH 7.2, and pH 8.6 representing 
different charge states of the protein and the glass surface. As shown in Figure 7a, the 
ionic strength has a different impact on the adsorption behavior of IgG1. At pH 7.2 and 
8.6, an increasing NaCl concentration leads to a continuous decrease of the adsorbed 
amount of IgG1. The electrostatic situation, as elucidated before, can be described as 
follows. Slight attraction of the marginally positively charged IgG molecules, or rather of 
positively charged patches, prevails towards the highly negatively charged glass surface. 
Besides ubiquitous dispersion forces and dehydration phenomena, there is only marginal 
electrostatic interaction among adsorbed proteins, since the zeta potential equaled (al-
most) zero. Considering the impact of ionic charge shielding, mainly surface - protein 
attractive forces are diminished, giving rise to a steady decrease in adsorption. This 
decrease is more pronounced at the IEP where the system responds more sensitive to 
changes in charge interaction. In contrast, at pH 4.0, a steady increase of adsorption with 
increasing ionic strength is observed. As opposed to the situation above, attraction to-
wards the surface is assumed to be increased at this pH since the positive protein net 
charge increased and the negative charges of glass only decreased to a minor degree. 
However, with increasing protein net charge, the electrostatic repulsion between the 
protein molecules continues to gain in importance. Its diminution by ionic charge 
shielding therefore leads to a denser packaging of IgG on the surface, associated with 
increasing adsorbed quantities. AFM images of adsorbed protein layers on the glass 
confirm this tendency (see Chapter 7).  
In order to further corroborate the above theory, adsorption experiments were conducted 
with COP plastic vials. As opposed to glass, the polymer surface has a low surface free en-
ergy and is only marginally charged due to the lack of ionizable groups. Although minor 
specific ion adsorption due to non-electrostatic interaction, e.g. van-der-Waals interac- 
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Figure 7: Adsorption of IgG1 on (a) borosilicate glass and (b) COP plastic surface as a function 
of ionic strength, adjusted with variable amounts of NaCl at three different pH values 7.2 (  ), 
4.0 (  ) and 8.6 (  ); protein solution contained 2 mg/ml IgG1 and 10 mM phosphate buffer 
(n = 3); dotted lines approximate a linear curve progression.  
 
tions, may lead to the formation of an electrical double layer causing a measurable zeta 
potential [16], electrostatic forces between the surface and the protein were assumed to be 
missing. Instead, the molecule attachment should be mainly governed by hydrophobic 
interactions and dispersion forces. But charges still play a major role in protein - protein 
interactions, thereby affecting the adsorbed amount through intermolecular electrostatic 
repulsion forces. Thus, by varying the ionic strength in the protein solution, the impact of 
intermolecular charge - charge interactions on IgG1 adsorption can be evaluated. It can 
be seen in Figure 7b that adsorption increased on the hydrophobic surface, which was 
already elucidated in Chapter 3. Furthermore, hardly any impact of the increasing salt 
concentration is observed at both pH 7.2 and 8.6, and the adsorbed amount remains 
almost constant. This confirms the insignificance of intermolecular electrostatic interac-
tions in the area of the IEP. At pH 4.0, the high net protein charge causes high electro-
static repulsion, which is an obstacle to favorable protein adsorption. At low ionic 
strengths, these repulsive forces have the ability to greatly reduce the adsorbed amount, 
even to values below those observed at the IEP. At the same time, charge shielding leads 
to a marked increase in adsorption with increasing ionic strength at pH 4.0. Despite the 
lack of strong electrostatic attraction towards the surface, the increase is even stronger 
than for the glass surface through the impact of hydrophobic interactions. It has to be 
mentioned that a logarithmic relationship was found between ionic strength and the 
adsorbed quantity of IgG1, regardless of the kind of sorbent surface. Finally, intermolecu-
lar electrostatic repulsion forces were proven to be an important factor in influencing the 
amount of adsorbed IgG1. In this regard, adsorption becomes more favorable with 
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decreasing protein net charge and with increasing ionic strength. For charged surfaces, 
however, also the concurrent effect of electrostatic protein - surface interactions has to be 
considered.  
For IgG1 adsorption on borosilicate glass, the dependency of Γpl on pH at an ionic 
strength of 170 mM has already been outlined (Figure 3). It has also been elaborated that 
the ionic strength had a heterogeneous influence on the adsorption mechanism, since the 
two different effects, electrostatic attraction towards the surface and repulsion between 
protein molecules, vary in importance as a function of the formulation pH. In addition to 
preliminary adsorption measurements at I = 170 mM, the shape of Γpl(pH) as well as the 
location of Γpl(pH)max were investigated at I = 40 mM (Figure 8).  
For lower ionic strength, Γpl(pH)max is shifted towards the protein IEP (higher pH values) 
under an approximate retention of the characteristic curve shape. Between pH 2 and 5, 
where IgG1 has a high net charge, the adsorbed amounts at I = 40 mM range below the 
respective values determined for I = 170 mM. In this range, intermolecular repulsion 
forces play a major role, leading to a sparsely covered surface, unless the charges are 
screened to a certain extent by ions. No change in the adsorbed protein mass is observed 
at pH 6. This indicates that both the increase in surface attraction and the increase in 
protein repulsion by lowering the ionic strength from 170 mM to 40 mM are balanced. It 
could be shown by means of electrokinetic calculations that the ion uptake in the adsorp-
tion region between IgG1 and the glass surface is lowest at pH 6.1. This indicates the 
lowest influence of low molecular weight ions. Hence, it is not surprising that surface 
concentrations are equivalent at this pH value, despite different ionic strengths. Above 
pH 6, where the net charge of IgG1 is low, the influence of electrostatic interaction 
between the protein and the glass surface gains in importance since the glass surface 
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Figure 8: Adsorption profile of IgG1 on borosilicate glass depending on the formulation pH; 
adsorption was investigated at two different ionic strengths of 170 mM (  ) and 40 mM (  ); 
incubation for 24 h, 2.0 mg/ml IgG1 including 10 mM phosphate buffer (n = 3).  
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becomes increasingly negatively charged. Thus, decreasing the ionic strength leads to 
slightly increased adsorbed amounts through increasing attractive forces. In the particular 
case of the protein IEP (pH ≈ 8.6), balanced negative and positive charges on the protein 
surface cause a low net intermolecular electrostatic attraction [55]. This low attractive 
force is supposed to prevail towards the charged surface as well. Accordingly, increased 
adsorption at pH 8.6 for I = 40 mM when compared to I = 170 mM becomes plausible. 
This is not necessarily the case for pH values above pH 8.6, where both proteins and glass 
surface carry net negative charges. A reduction of the electrostatic repulsive forces at 
higher ionic strengths was expected to increase adsorption, which, however, was not the 
case. The reasons for the opposite result remain unclear. Similar results have been de-
scribed by Buijs et al., who studied IgG adsorption on hydrophilic silica [11]. By increas-
ing ionic strength, they also observed a shift of Γpl(pH)max towards a lower pH. Further-
more, adsorption increased at low pH values and decreased towards high pH values of the 
incubation medium. Also Xu et al. found a shift of the adsorption maximum of an IgG1 
on hydrophilic silica. Γpl(pH)max was shifted from the IEP at low ionic strength towards a 
lower pH when ionic strength during incubation was increased [48]. However, not only 
the ionic strength alone, but also the salt type was described to be capable of shifting 
Γpl(pH)max due to differences in binding affinities [56]. The influences of the salt type on 
IgG1 adsorption will be discussed in section 3.2 in more detail. In summary, the above 
results clearly confirm the synergy of electrostatic intermolecular and electrostatic sur-
face – protein interactions for the adsorption of IgG1 on borosilicate glass. The extent of 
both is decreased by low molecular weight ions.  
 
3.1.4 IgG1 Monomer Size as a Function of pH and Ionic Strength  
It has been mentioned before that pH-induced changes of the protein conformation can 
alter the space requirement of the molecules in the adsorbed state and can therefore be 
crucial for the adsorbed amount [43]. Furthermore, it has been described that higher 
ionic strengths may lead to an increased hydrodynamic diameter (dh) by a growing hy-
dration shell [13]. In order to judge the importance of this effect, the IgG1 molecule size, 
determined as hydrodynamic diameter, was investigated as a function of the formulation 
pH in the range from pH 2 to 12 and as a function of the ionic strength between 23 mM 
and 1660 mM. The measurements were performed as titrations, starting from pH 7.0 in 
both directions. dh of the monomers was taken as the mean value from 3 series of 10 
measurements each. The absolute values of dh depicted in Figure 9 are in very well in line 
with the findings of Jøssang et al. (11.0 - 11.4 nm) [57] or Bagchi and Birnbaum (11.0 -
12.5 nm) [43] for IgG. However, in our case, neither a clear trend of dh with variable pH 
nor an expected minimum at the IEP [43] could be observed. For the alkaline and acidic 
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Figure 9: Hydrodynamic diameter of IgG1 monomers as a function of pH at I = 170 mM (  ) 
and as a function of ionic strength at pH 7.2 (  ) (n = 3).  
 
range, dh at first decreases slightly but then increases towards pH 2 and pH 12, respec-
tively. In Chapter 7, it is shown that beginning with pH 10 and above, as well as beginning 
with pH 4 and below, considerable unfolding as well as increased aggregation with and 
without increased fragmentation of the IgG1 sets in. According to Figure 9, variable ionic 
strength did not have a clear impact on the hydrodynamic diameter of the IgG1. Thus, an 
influence of the monomer dimensions on adsorption, as for example through an in-
creased space requirement on the surface, is excluded for a variable ionic strength or for a 
variable pH in the range from pH 4 to 10.  
 
3.1.5 Discussion of Other Driving Forces and Influencing Factors 
As shown above, a characteristic correlation between the protein formulation pH and the 
adsorbed amount of IgG on the glass vial internal surface could be observed, with ionic 
strength having a significant influence on adsorption. Furthermore, the surface itself may 
be affected by the formulation composition, which can contribute to the overall adsorp-
tion result. The question whether pH affects the glass surface in terms of charge, compo-
sition, and stability of the topmost layer during the 24 h incubation timeframe was exten-
sively investigated and described in Chapter 3. Besides protein properties like charge and 
polarity, also the protein’s conformational stability and other instabilities like aggregation 
or fragmentation depend on pH [58-60] and ionic strength [13,61]. It was mentioned that 
the structural stability of a protein may directly influence the adsorbed mass by affecting 
its molecular surface area occupied. As shown beforehand, the molecular dimensions of 
the IgG1 monomer did not change significantly within the pH and ionic strength range 
investigated (see 3.1.4). According to Arai and Norde, proteins with a strong internal 
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coherence and a large structural stability are referred to as “hard particles”, and surface 
interaction is primarily governed by hydrophobic and electrostatic effects [9]. In contrast, 
“soft particles” hold a relatively low structural stability. This additional internal factor, 
which is probably related to structural rearrangements in the molecule, leads to an in-
creased conformational entropy and promotes adsorption even under electrostatic repul-
sion [53]. By this means, considerable IgG1 adsorption at pH values above the IEP 
(pH 8.6), where the borosilicate glass surface and the IgG1 are both negatively charged, 
may be explained (Figures 3 and 8). This intrinsic protein property is not necessarily 
constant but may be subject to change with pH and ionic strength (see Chapter 7). With 
regard to the protein structure, it is not necessarily the case that the whole protein is 
equally affected by variable formulation parameters. Especially the F(ab’)2 fragment was 
shown to be highly affected by pH and ionic strength, whereas the adsorption of the Fc 
part was rather constant [11]. At the same time, differences in the desorption behavior 
were observed. Consequently, both aspects together will affect the adsorption behavior of 
the whole IgG molecule.  
Structural instability not only concerns the proteins adsorbed on the surface, but also the 
free form in solution. In this regard, the approach of the favored adsorption of protein 
aggregates was followed by Nylander [62]. It has been stated that protein monomers 
exhibit a higher hydrophobicity than aggregates since the association into oligomers is in 
large part driven by hydrophobic interactions. Accordingly, the adsorption of monomers 
on a hydrophobic surface would seem more likely, whereas the adsorption of protein 
aggregates would be favored on a hydrophilic surface. For example, preferential adsorp-
tion of larger protein oligomers has been described for -lactoglobulin [63] and insulin 
[64], which was associated with an increased adsorption at the same time. In our own 
studies however, a comparison of desorbed protein fractions revealed significantly less 
aggregation after adsorption at pH 4 compared to adsorption at moderate pH (see Chap-
ter 7). Moreover, adsorption at pH 3 or below, where the IgG1 aggregate content in the 
incubation solution was shown to be much higher than at pH 4, rather resulted in de-
creased surface-bound IgG1 (see Chapter 7). Both aspects support the conclusion that an 
increased aggregation tendency is not the major driving force for IgG adsorption on 
borosilicate glass.  
Another effect which can influence the pH-dependent adsorption pattern is a variable 
degree of adsorption reversibility, shown for IgG on silica [11]. Protein adsorption has 
often been found to be largely irreversible upon dilution [55,65]. But the degree of irre-
versibility has also been shown to be variable and to increase with adsorption time. Refer-
ring to this, the fraction of globular proteins elutable from hydrophilic surface has been 
demonstrated to decrease with time, already within 30 min to 1 h of adsorption [66,67], 
reaching a state of minor reversibility thereafter. IgG adsorption irreversibility even has  
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been stated for different solution parameters, e.g. for fixed pH values between pH 4 and 
10 [43]. Thus, for IgG1 on borosilicate glass, a low degree of reversibility was assumed 
after 24 h of adsorption.  
 
3.2 Influence of Formulation Excipients Including “Hofmeister 
Considerations” 
3.2.1 Influence of the Ionic Strength-Determining Salt Type  
As mentioned before, not only the ionic strength itself but also the salt type used may 
affect the adsorption of proteins. Therefore, adsorption experiments dealing with the 
influence of ionic strength on adsorption were performed using Na2SO4 instead of NaCl 
for ionic strength adjustment (Figure 10). For better comparability, the linear fits from 
Figure 7a are overlaid. Adsorption at pH 7.2 and pH 8.6 almost equals the profile that was 
obtained by using NaCl. This applies for both adsorption at low and high salt content and 
for the adsorption increment with increasing ionic strength. At pH 4.0, however, increas-
ing ionic strength with Na2SO4 leads to a stronger increase in adsorption compared to the 
adjustment with NaCl. Besides, the linear dependency of the adsorbed IgG1 quantity on 
the logarithm of ionic strength no longer applies. Above an ionic strength of approx. 
0.2 M, the excessive increase stops and equilibrium adsorption clearly decreases.  
It has been shown by Van Dulm et al. that ions are incorporated in the inner region of the 
adsorbed protein layer and reduce the charge density therein [46]. This prevents a charge 
accumulation in a region of low dielectric permittivity. For pH 4.0, it was shown in 3.1.2 
 
-2.0 -1.5 -1.0 -0.5 0.0
0
1
2
3
4
5
6
7
A
ds
or
be
d 
am
ou
nt
 (m
g/
m
2 )
Log ionic strength (M)
 
Figure 10: Adsorption of IgG1 on borosilicate glass depending on ionic strength, adjusted with 
variable amounts Na2SO4 at pH 7.2 (  ), pH 4.0 (  ) and pH 8.6 (  ); incubation for 24 h, 
2.0 mg/ml IgG1 including 10 mM phosphate buffer (n = 3); dotted lines correspond to the 
curve progression derived from the use of NaCl (Figure 7a).  
109 
Chapter 4 
 
that predominantly negative charges are incorporated in the adsorption region. In this 
case, the incorporation of divalent ions like SO42- is preferred because of the higher valen-
cy and higher polarizability compared to the monovalent ion types [46]. Especially for 
lower pH values, such as pH 4.0, where the net charge of the proteins is highly positive 
and the compensation of interfacial charges is a limiting factor for adsorption, the pres-
ence of SO42- instead of Cl- gives rise to this pronounced increase. Furthermore, the high 
charge screening capacity of SO42-, especially with regard to the screening of free charges 
between the considerably charged proteins at pH 4, would also contribute to increasing 
IgG1 adsorption due to a higher density of the protein layer. At both pH values beyond 
6.1, however, where predominantly cations are incorporated in the boundary layer, no 
particular effect of Na2SO4 can be observed, since in those cases, again Na+ compensates 
the excess of negative charges. But the pronounced adsorption decrease at higher Na2SO4 
concentrations raises questions. Solely charge - charge interactions cannot sufficiently 
explain this effect and alternative explanation attempts have to be found. One approach is 
based on the fact that salt can have either a stabilizing or a destabilizing effect on proteins. 
This depends on whether prevailing repulsive forces within the protein are screened or 
conformational stabilizing salt bridges are weakened [3]. Another explanation refers to 
the effect of preferential exclusion of salts. In this regard, it is well known from the Hof-
meister series, together with extensive investigations by Arakawa and Timasheff [24], that 
Na2SO4 is a stronger protein precipitant than NaCl, and also shows a stronger preferential 
hydration and therefore stabilization. Influences of stabilizing salts on protein adsorption 
are only sparsely described in literature. Adsorption of firefly luciferase on borosilicate 
glass surface was studied by Suelter and DeLuca [68], who described a decreasing adsorp-
tion with increasing concentrations of (NH4)2SO4. The studies were carried out at pH 7.5, 
i.e. above the IEP of luciferase, where molecules are negatively charged (we calculated the 
IEP ≈ 6.4 from the amino acid sequence “1lci.fasta” using the ProtParam tool on the 
ExPASy web server [69]). Under these circumstances, the effect on adsorption might be 
attributed to NH4+, which is a better stabilizing ion than Na+. In our case, however, it 
could be clearly shown that a SO42- concentration below 0.2 M does not lead to dramatic 
differences in adsorption at pH 7.2 and 8.6, where IgG1 also exists in a rather low net 
charged state.  
Several approaches have to be considered when explaining the effect of specific salts on 
protein adsorption. Generally speaking, the impact of salting-out systems is an increase of 
the surface tension of water, whereupon the proteins are preferentially hydrated and these 
salts are preferentially excluded from the proteins’ surface [25]. The associated thermody-
namically unfavorable increase in the chemical potential is directly proportional to the 
surface area of the protein exposed to the solvent. The protein structure is stabilized since 
a denatured protein has a greater surface than the native one [3]. Accordingly, unfolding 
of proteins on the sorbent surface upon adsorption is forced back, and the effective area 
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occupied by a molecule decreases. However, this aspect alone would rather give rise to 
increasing adsorption. Another approach has been taken by Wendorf et al. [70]. They 
argued that irreversibly adsorbed proteins, which are the only ones that are quantified 
after a rinsing step, are largely present in a denatured, expanded state. Due to an in-
creased number of interaction sites, proteins in this state are especially strongly bound to 
the surface. The unfolding process leading to this irreversible binding state was assumed 
to take place once the molecule is adsorbed. Since the stability of proteins increases in the 
presence of stabilizing agents (e.g. salting-out salts, sugars, amino acids), the equilibrium 
is driven to the native form and adsorption becomes less irreversible, and consequently, 
the determined adsorbed amount decreases. This would be an explanation for the pro-
nounced adsorption decrease at higher Na2SO4 concentrations. As a rule, concentrations 
of a few moles per liter of the stabilizing salt lead to protein precipitation, whereas the 
formation of oligomers already begins at lower salt concentrations [71]. According to the 
results outlined in Chapter 7, a slightly increased aggregation tendency arising from the 
pH shifts towards pH 4 could have been causative for a generally increased surface con-
centration of the antibody at this pH. However, at increased Na2SO4 concentrations, 
which were assumed to evoke an increased aggregation tendency, surface concentrations 
rather decrease. It was not evaluated whether aggregation increased in the presence of 
Na2SO4. So the effect of aggregates/agglomerates in this regard is not clear. The most 
plausible explanation for the adsorption decrease at higher Na2SO4 concentrations is 
again based on electrostatic interactions. Because stabilizing salts increase the surface 
tension of water, they are preferentially excluded from the surface of the proteins. As a 
consequence, the compensation of an unfavorable surplus of intermolecular charges is 
diminished. Consequently, increasing electrostatic repulsion leads to a less compact 
protein layer, and hence, to decreasing adsorption. With regard to our results, this effect 
apparently only gains in importance at increased Na2SO4 concentrations where preferen-
tial exclusion sets in. For lower concentrations, the charge compensation properties of the 
divalent SO42- ion in the area of adsorption initially improve conditions for adsorption 
and allow higher amounts of adsorbed protein, as described above.  
Finally, it can be concluded that in the area of the protein IEP, moderate concentrations 
of Na2SO4 have no effect on the adsorbed amount of IgG1 on glass. The results at pH 4.0 
indicate an overlay of the effects of charged ions at lower concentrations and of prefer-
ential exclusion at higher concentrations. It has already been denoted by Arakawa and 
Timasheff that the extent of preferential exclusion depends on the formulation pH [24]. 
This dependency, in turn, has been described by the same authors to vary with the corre-
sponding salt concentration. This complicates the impact on adsorption. In order to sepa-
rate the charge effect from preferential exclusion, further investigations were made with 
the aid of sugars and polyols that are stabilizing but uncharged.  
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3.2.2 Influence of Sugars and Polyols  
It was described in the previous section that salting-out excipients like Na2SO4 on the one 
hand hold protein-stabilizing properties according to the Hofmeister series; on the other 
hand, however, they are simultaneously involved in charge compensation and charge 
shielding processes during adsorption. To exclude the charge effect and to analyze solely 
the stabilization effect, the group of uncharged excipients, namely sugars and polyols, was 
further investigated. Sugars and polyols belong to the protein-stabilizing agents, which 
are widely used in protein pharmaceuticals [3]. The stabilizing effect of such co-solutes 
was shown to depend on their concentration, and according to literature, at least 0.3 M 
are necessary to significantly stabilize proteins [23]. Chang et al. stated that even higher 
concentrations of 40% and more are needed to achieve a sufficiently stable formulation 
[72]. As with stabilizing salts, the stabilizing effect of sugars on proteins was described to 
depend on the pH value [26]. The effect was more pronounced the less stable the protein 
was at the respective pH. With regard to the stabilization mechanism, “preferential hy-
dration” of proteins also holds true for sugars [25,26]. Accordingly, they stabilize the 
protein’s compact native structure since the asymmetric denatured state with an enlarged 
surface per molecule is energetically unfavorable [25]. Glycerol and polyols, like sorbitol 
and mannitol, belong to the group of solvophobic compounds, i.e. they strengthen the 
hydrophobic effect, and the contact of nonpolar regions of the protein with the solvent 
becomes thermodynamically more unfavorable than with water [25]. Therefore, the dena-
turation step with the exposure of internal hydrophobic areas is forced back.  
The effect of common sugars and polyols on IgG1 adsorption was initially investigated at 
pH 7.2 for three concentrations. It is depicted in Figure 11a that the effect of glucose and  
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Figure 11: Influence of selected excipients, (a) sugars and (b) polyols, on the adsorption of IgG1 
on the borosilicate glass vial surface, determined at pH 7.2, I = 170 mM and 2 mg/ml IgG1 
(n = 3); references correspond to the sugar/polyol-free IgG1 solutions.  
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disaccharide sucrose was negligible. The adsorbed amounts were not significantly dif-
ferent (α = 0.05) from the reference. Unlike glucose and sucrose, trehalose caused a dis-
tinct and statistically significant increase in IgG1 adsorption at concentrations of 50 and 
300 mM. The outcome is not much different for the group of polyols (Figure 11b). The 
adsorbed amounts are consistent with the reference, except for sorbitol at 1 M which 
resulted in significantly increased adsorption (α = 0.05).  
The influence of a broad range of sugars on the adsorption behavior of different proteins 
(BSA, RNase A and lysozyme) on hydrophilic and siliconized SiO2/TiO2 surfaces has 
been analyzed by Wendorf et al. [70], who observed a decrease of adsorption for either 
surface. This trend does not hold true for our results at pH 7.2. As already mentioned 
above, Wendorf’s approach of interpretation referred to the influence of stabilizing 
excipients on the denaturation propensity of proteins on the surface and the adsorption 
reversibility change involved. Matheus investigated the influence of different sugars and 
polyols, in concentrations up to 300 mM, on antibody stability in highly concentrated 
IgG1 solutions at a single pH of 6.0 [73]. The studies revealed only a minor improvement 
of chemical stability. However, the situation might be quite different at another pH. In 
our case, the influence of sugars and polyols on the adsorbed amount of IgG1 was addi-
tionally studied at pH 4.0, where a pronounced effect of stabilizing salts has already been 
observed. According to Figure 12, the addition of low amounts of both sugars and polyols 
caused increasing IgG1 adsorption. For higher excipient concentrations of 1 M, however, 
a drop in adsorption to levels in the range of the reference value for polyols (Figure 12b), 
or even below for sugars (Figure 12a), was found.  
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Figure 12: Influence of selected excipients, (a) sugars and (b) polyols, on the adsorption of IgG1 
on the borosilicate glass vial surface, determined at pH 4.0, I = 170 mM and 2 mg/ml IgG1 
(n = 3); references correspond to the sugar/polyol-free IgG1 solutions.  
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This decrease in adsorption strongly substantiates the theory of increasing structural 
stabilization and therefore a decreased adsorption irreversibility at high excipient concen-
trations. Another attempt to explain the above observation might be based on the adsorp-
tion of sugars/polyols to the hydrophilic glass surface. The binding of sugars to negatively 
charged mica surfaces has been shown by Claesson et al., who concluded a decrease in the 
long-range electrostatic double layer force, and, as a result, a decrease in the surface 
charge density [74]. Since a corresponding decrease at pH 7.2, where surface and protein 
are oppositely charged, is missing, a pH dependence of this excipient surface-binding 
effect seems probable. Also, an influence of sugars and polyols on intermolecular protein 
interactions has to be taken into consideration. In this regard, an inherent effect of sugars 
and polyols is ruled out since they do not bind to the surface of the proteins. They are 
rather preferentially excluded from the surface, giving rise to a water-rich environment. 
As a result, especially pH values where the proteins carry a high net charge, repulsive elec-
trostatic protein - protein interactions gain in importance. This might also explain de-
creasing adsorption at higher excipient concentrations. Finally, it can be concluded that 
the influence of sugars and polyols on the adsorption of IgG1 on glass is low, especially in 
the concentration range of pharmaceutical relevance up to 300 mM. Attempts to explain 
significant effects on the adsorbed amount, especially at high excipient concentrations, 
could be provided, whereas clear explanations are still missing.  
 
3.2.3 Influence of Surfactants  
Surfactants are typically added to protein solutions for stabilization and solubilization 
purposes [75-77]. By this means, proteins are prevented from e.g. aggregation or unfold-
ing, which often occurs in the context of freeze - thaw stress or mechanical stress with 
interface effects [28,78]. In this regard, nonionic surfactants are preferred over ionic sur-
factants since the latter bind stronger to proteins and thus act denaturing [79]. Further-
more, surfactants prevent proteins from unwanted adsorption [29-31,80], were shown to 
reduce aggregation induced by interaction with solid surfaces [81], and can be used to 
remove adsorbed proteins [82,83]. The desorption efficiency for removing bound protein 
molecules is not a consistent property but depends on various factors. Feng et al. have 
found that the elutability decreased in the order HDL > HSA > IgG ≈ Fb for polysor-
bate 20 (PS 20), which may be explained by differences in interaction strengths between 
protein and surface [83]. For human γ-globulin bound to surfaces of a broad hydrophilic-
ity range, the desorption efficiency of PS 20 has been found to reach a maximum level on 
surfaces holding a water contact angle of 40 - 50° [84]. In comparison, the efficiency was 
relatively small for hydrophilic surfaces. For fibrinogen, the maximum desorption effect 
was found on surfaces with a water contact angle of about 70°. Nonionic surfactants can 
prevent proteins from adsorption on solid surfaces through a simple preincubation, as 
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shown for PS 20 and HSA on polyethylene [83]. In this regard, preincubation of poly-
ethylene with surfactant has been described to lead to the formation of a reversible layer 
of surfactant molecules on the sorbent, which caused decreased protein adsorption, sub-
ject to the surfactant concentration [83]. As mentioned above, surfactants can decrease 
adsorptive losses to surfaces when added to the protein solution. Complete or significant 
inhibition of TGF-β1 adsorption has been described for polysorbate 80 at 0.01% [85]. 
Poloxamer 407 in a concentration of 0.05% could increase the recovery of G-CSF stored 
in PVC infusion bags to approx. 80%, compared to 60% without the addition of a surfac-
tant. In another case, the adsorption of a hydrophobic cytokine to borosilicate glass 
within 24 h could be reduced by a factor of 4 through the addition of 0.02% PS 20 to a 
0.25 mg/ml solution [86].  
In the following, the influence of four nonionic surfactants, approved for parenteral 
administration, on the IgG1 adsorption to borosilicate glass vials was investigated. The 
selected surfactants were poloxamer 188 (P 188), polysorbate 20 (PS 20), polysorbate 80 
(PS 80), and polyoxyl 35 castor oil (PCO 35). Of the surfactants used, P 188, PS 20, and 
PS 80 are frequently utilized in protein formulations for solubilization and stabilization of 
proteins. PCO 35 was included in the studies because of its increased hydrophobicity, 
indicated by the lower HLB value (see Table 2). An overview of other important proper-
ties of the surfactants, like CMC and molecular weight, is also provided in Table 2.  
In the adsorption experiments, the molar surfactant concentration was set from 1/10 of 
the molar IgG1 concentration to an excess of a 1000-fold of the molar IgG1 concentration 
at two different pH values, namely pH 7.2 or pH 4.0. It is shown in Figure 13a that at 
pH 7.2, all nonionic surfactants tested were able to reduce the amount of protein bound 
to the glass surface. For PS 20, PS 80, and PCO 35, the decrease in protein adsorption 
became pronounced at molar ratios surfactant : IgG1 of 1 : 1. The adsorbed amount de-
creased by half or even more at this condition. Higher surfactant concentrations did not 
cause further significant reduction, except for a 1000-fold excess of PS 80 and PCO 35 
 
Table 2: Characteristics of the nonionic surfactants P 188, PS 20, PS 80 and PCO 35.  
 P 188 PS 20 PS 80 PCO 35 
CMCa (mmol/l) 0.48 – 1.14 0.049 – 0.060 0.010 – 0.016 0.040 – 0.080 
HLBb value > 24 16.7 15.0 12 – 14 
MWc (g/mol) 8800 1228 1310 2515 
References [87-90] [75,91] [75,91] [87,88,92] 
a critical micelle concentration (CMC) in water   
b hydrophilic/lipophilic balance (HLB)     
c molecular weight (MW) 
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Figure 13: Influence of selected surfactants on the adsorption of IgG1 on the borosilicate glass 
vial surface, determined at (a) pH 7.2 and (b) pH 4.0; 2 mg/ml (0.013 mM) IgG1 and 
I = 170 mM (n = 3); references correspond to the surfactant-free IgG1 solutions.  
 
over the protein. The maximum decrease in adsorption amounted to approx. 90% 
(1.9 mg/m2) of the reference value. In contrast, P 188 did not exhibit a marked effect on 
adsorption at low surfactant concentrations. Adsorption decreases slightly only at 
increased concentrations. Unfortunately, no results are available for the molar ratio of 
1000 : 1, where the protein quantity could not be determined due to interference effects in 
the SE-HPLC quantification.  
With respect to the reference value of the surfactant-free samples, the adsorption-reduc-
ing effect at pH 4.0 was by far less pronounced than it was at pH 7.2 (Figure 13b). The 
relative reduction reached 30% at the most, whereas the absolute maximum decrease of 
1.4 mg/m2 at a 1000-fold excess of surfactant was in the same range as for pH 7.2. A slight 
adsorption increase could be observed for very low surfactant concentrations at pH 4. 
This exceptional phenomenon has been previously described for low surfactant concen-
trations [93]. It could have derived from a cooperative adsorption mechanism of protein 
and surfactant or from a change of the protein structure, both times leading to increased 
surface affinity. Furthermore, it has been discussed that the surface could have been ren-
dered more hydrophobic by low surfactant concentrations, resulting in increased protein 
binding [94]. The reduction in protein adsorption, however, was most likely due to a 
combined mechanism. Nonionic surfactants have been described to form a layer on the 
surface, preventing more protein adsorption the higher the surfactant concentration was 
during preincubation with surfactant [83]. In most cases, nonionic surfactants do not 
markedly bind to protein molecules but mainly interact with the surfaces [94]. Even so, a 
specific interaction with the surface of the proteins is conceivable, where hydrophobic 
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sites of the protein are covered and hence hydrophobic interactions with surfaces or with 
other proteins are reduced [30,76]. Another reason for the decrease of protein adsorption 
is sterical hindrance, which prevents the proteins from coming close to the surface [94].  
At pH 7.2, the net charge of the IgG1 is near zero, whereas the charge of the glass surface 
is highly negative. Thus, only low attractive electrostatic forces are prevalent. A certain 
degree of hydrophobicity was shown to prevail on the glass surfaces (see Chapter 3). 
Moreover, hydrophobic patches are usually available also on native proteins. Therefore, a 
contribution of hydrophobic interactions to the protein adsorption process is assumed. 
Since nonionic surfactants are able to shield hydrophobic areas on both protein and sur-
face, an important driving force for adsorption at this pH was reduced, leading to a strong 
prevention of IgG1 adsorption. At pH 4.0, the surfactants were less effective at preventing 
adsorption. It was shown above that, at this pH, adsorption is mainly driven by electro-
static attraction between IgG1 and glass. None of the nonionic surfactants were able to 
prevent pronounced electrostatic attraction, e.g. by means of shielding the surface. It has 
already been mentioned that the absolute decrease in adsorption at pH 4.0 was at the 
same magnitude as at pH 7.2 (Figure 13b). One may assume that hydrophobic IgG1 -
surface interactions played a role for adsorption at pH 4.0 as well. The fact that proteins 
are able to adsorb on surfaces with hydrophilic and hydrophobic protein patches at the 
same time reinforces this hypothesis [84]. Consequently, surfactants probably diminished 
hydrophobic interactions at pH 4.0 as well, which gave rise to the decreased adsorption at 
pH 4.0.  
In Figure 13, another tendency can be observed for both pH values. The higher the hydro-
phobicity of the surfactants was (i.e. the lower the HLB), the stronger was the adsorption-
reducing effect. This is again accounted for by means of the hydrophobic patch approach. 
Surfactants holding a larger hydrophobic molecule part increasingly shield hydrophobic 
areas of either protein or sorbent surface, which results in decreased adsorption. In con-
trast, more hydrophilic surfactants are more readily solvated and less prone to interact 
with hydrophobic sites. The findings of Duncan et al., that PS 20 was more effective than 
P 188 in reducing salmon calcitonin adsorption on borosilicate glass, confirm this theory 
[80].  
Generally, in case the binding of surfactants to the surface accounts for the prevention or 
the reversion of protein adsorption, the CMCs of the surfactants become crucial. At sur-
factant concentrations above the CMC, the surface is maximally covered. The CMCs of 
PS 20, PS 80, and PCO 35 are all located in a narrow range (see Table 2). For an IgG1 con-
centration of 2 mg/ml prevailing at the adsorption experiments, these CMCs correspond 
to a surfactant : protein ratio between 1 : 1 and 10 : 1. At pH 7.2, IgG1 adsorption does 
not further decrease above a ratio of 1 : 1, except for drastically high concentrations of the 
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above surfactants (Figure 13a). By contrast, IgG1 adsorption in the presence of P 188 
steadily decreases up to a ratio of 100 : 1. At this point, the CMC of P 188 is not reached, 
and it may be concluded that adsorption further decreases by increasing the P 188 con-
centration. When the same surfactant is considered at pH 4.0, the 1000-fold excess of 
P 188 over the protein is the first concentration where a distinct decrease of adsorption 
can be observed. This leads to the conclusion that the adsorption-reducing effect of P 188 
similarly depends on its CMC. However, no uniform concentration dependency is ob-
served for PS 20, PS 80, and PCO 35 at pH 4.0. It has to be mentioned that the CMCs of 
the surfactants in the protein solutions were not explicitly measured. The CMC of a 
surfactant is not a constant value, but varies with, amongst others, ionic strength, pH 
value, protein concentration, other excipients, and temperature. For example, a high salt 
content has shown to shift the CMC to lower surfactant concentrations [95,96]. This 
complicates the interpretation of results obtained at different pH values.  
According to literature, a minimum of HSA adsorption on hydrophilic silica surface at 
the CMC of PS 20 has been found by Zhang and Ferrari [30]. But it has also been de-
scribed that the CMC of a surfactant does not sufficiently explain concentration-depen-
dent effects on proteins. In this regard, Katakam et al. have shown that the stabilizing 
effect of PS 80 on hGH is not related to the CMC but rather follows certain molar ratios, 
which indicates a certain binding stoichiometry between the surfactant and the protein 
[75]. They further stated that a dependency on the CMC would be indicative of a mono-
layer effect, which implies a complete saturation of interfaces. An effect observed above 
the CMC may, by contrast, point to a specific binding between surfactant and protein. 
Our results at pH 7.2 are rather indicative of the monolayer theory, whereas at pH 4.0, the 
trend is less clear. It would be of particular interest to learn how these surfactants affect 
protein adsorption on uncharged hydrophobic surfaces.  
 
 
4 CONCLUSIONS 
It was clearly shown that the adsorption of IgG on the surface of borosilicate glass vials is 
a function of the formulation pH and ionic strength, and depends on the properties of the 
excipients that are added to the formulation. The outcome of the experiments described 
above leads to the conclusion that, in general, the adsorption process is to a large extent 
mediated by electrostatic interactions. During adsorption, attractive or repulsive forces 
between protein and glass surface as well as repulsive forces between the adsorbed IgG 
molecules on the surface interact. The magnitude of each factor varies independently by 
changing pH or ionic strength, respectively. The resulting charge of both sorbent surface 
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and protein, together with the charge screening strength of the ions present in the solu-
tion on both entities, is of fundamental importance. The interplay of the arising forces 
became apparent, for example, from the shift of the pH of maximum adsorption, when 
the ionic strength was altered. However, the adsorption of IgG on glass must be, at least in 
part, mediated by other forces than electrostatic interactions. Especially in the area of the 
protein IEP, hydrophobic interactions or surface-induced structural changes occur. For 
pH values below the protein IEP, electrostatic interactions were observed to gain in im-
portance, whereas a residual contribution of other interaction forces is still likely. Elec-
trokinetic measurements on IgG1 and glass particles allowed a deeper insight into the 
prevailing electrostatic interactions. This includes the uptake of low molecular weight 
ions into the adsorption boundary layer during the adsorption process, which could be 
determined in that way. The pH value where ion uptake was minimal, which indicates the 
most beneficial condition for adsorption from the electrostatic point of view, could be 
shown to coincide with the pH of maximum adsorption determined from vial adsorption 
experiments. This again corroborates the broad influence of electrostatic interactions on 
the adsorption process. The impact of increasing ionic strength on the adsorbed amount 
is not consistent. Increasing NaCl concentrations can result in either an increase or a 
decrease of the adsorbed amount of protein, depending on whether protein - surface or 
intermolecular electrostatic interactions are most pronounced and primarily screened. 
The SO42- ion proved to be more effective than Cl- in compensating charges due to its 
higher valency and polarizability. For increased concentrations of Na2SO4, which exhibits 
better protein stabilizing properties than NaCl with respect to the “Hofmeister series”, the 
preferential exclusion effect reduces its capability to compensate interfacial charges. Un-
charged sugars and polyols, which also lead to preferential exclusion, exhibited only mar-
ginal effects on adsorption, substantiating the importance of charge interactions. Usually, 
but not always, the addition of nonionic surfactants led to a decreased IgG adsorption on 
borosilicate glass. The extent of reduction roughly depended on the hydrophilic/lipophilic 
balance (HLB) of the surfactants, whereas the absolute reduction was similar for the pH 
values investigated. This is in line with the contribution of hydrophobic interactions. The 
CMC turned out to be a critical value for the effect at neutral pH, but this dependency 
was less profound at acidic pH.  
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Chapter 5   
 
Modeling of IgG1 Adsorption to Vials –  
Isotherm Considerations and Affinity Aspects  
 
Abstract 
The equilibrium adsorption of IgG1 to hydrophilic borosilicate glass vials as well as to 
siliconized glass and hydrophobic cyclic polyolefin plastic vials was investigated by means 
of adsorption isotherms. Variations were made regarding pH value (4.0, 7.2, and 8.6) and 
ionic strength (40 - 600 mM) of the IgG1 formulation. The adsorption data was analyzed 
by three adsorption isotherm models, namely the Langmuir, the Freundlich, and the 
combined Langmuir-Freundlich (Sips) model. The latter, representing a three-parameter 
isotherm model, was found to be most qualified to empirically describe the experimental 
data, also with respect to varying surface types and solution compositions. Both the ad-
sorption affinity findings and isotherm plateau values pointed towards a predominantly 
electrostatically driven adsorption mechanism on glass, but also reflected strong hydro-
phobic interaction driving forces for the low-energetic surfaces. Differences in surface 
affinity at varying pH were confirmed by quartz crystal microbalance kinetic measure-
ments on hydrophilic silica model surfaces. Statements on the adsorption cooperativity 
were derived from the power constant n of the Langmuir-Freundlich isotherm model. 
Cooperativity appeared to be negative at any adsorption condition, thus indicating a 
consistently decreasing affinity for subsequently attaching molecules. In contrast to the 
situation on hydrophobic surfaces, where the extent of negative cooperativity was mostly 
invariable, the extent of negative cooperativity for IgG1 adsorption to borosilicate glass 
decreased with increasing ionic strength or increasing pH. This was indicative of either 
reduced intermolecular repulsion forces, including increased charge screening effects, or 
an increased aggregation tendency, which resulted in enhanced intermolecular attractive 
forces. Different adsorption isotherm shapes and different plateau values of IgG1 adsorb-
ing on siliconized glass and on hydrophobic cyclic polyolefin plastic might be due to an 
increased tendency of IgG1 to more pronounced structural alterations in contact with the 
low-energetic silicon coating.  
 
Chapter 5 
1  INTRODUCTION 
One of the most convenient ways to investigate adsorption phenomena is probably the 
determination of adsorption isotherms. In isotherms, the adsorbed amount (Γ) is plotted 
against the concentration (ceq) of the adsorbing species in solution at equilibrium condi-
tions and constant temperature. In general, for protein adsorption on solid surfaces, high 
affinity isotherms are observed. The isotherms’ ascending branch merges the axis of Γ, 
and plateau values are already reached at low protein concentrations [1]. Thus, the initial 
curve gradient represents the affinity of the protein to the surface at the respective ad-
sorption condition. Less frequently, protein adsorption manifests in low affinity adsorp-
tion isotherms [2,3]. With respect to protein adsorption on solid surfaces, several mathe-
matical equations are commonly used to describe and interpret adsorption isotherm data 
[4-6]. One of the first and certainly most famous adsorption models has been established 
by Irving Langmuir (1881 - 1957), and has often been utilized for the interpretation of 
protein adsorption [7-10]. According to Langmuir, whose model was originally based on 
the adsorption of gas atoms to solid surfaces, several fundamental postulates are included. 
If the model is transferred to the situation of proteins, these can be summarized as fol-
lows:  
 
1. There is an equilibrium between adsorbed protein molecules (M S) on the solid sur-
face S (solid) and dissolved molecules in the supernatant liquid M (liquid) (Equa-
tion 1). The rate constants for adsorption (ka) and desorption (kd) can be subsumed in 
an equilibrium constant K = ka / kd.  
 )()( solidSliquidM                    (1) SM
ka
kd
2. The proteins are adsorbed on a fixed number of defined sites.  
3. All adsorption sites on the solid are energetically equivalent.  
4. Adsorption sites are not occupied by more than one molecule.  
5. Molecules on separate sites do not exert forces on one another, which in other words, 
means that lateral interactions within the monolayer are neglected.  
 
The equation by which Langmuir described these adsorption equilibria is:  
 
eq
eqmax
c K  
cKΓ
Γ


1  (2) 
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Therein, Γ equals the equilibrium surface concentration of the protein, max is the maxi-
mum surface concentration of the protein attainable at monolayer coverage, K is the equi-
librium constant (see above), and ceq equals the concentration of free protein in the solu-
tion at adsorption equilibrium conditions. However, since adsorption sites are often ob-
served to be non-independent in protein adsorption to solid surface, the Langmuir model 
would thus be incapable of describing the experimentally obtained isotherms. Another 
common but strictly empirical model, by which protein adsorption isotherms have also 
been described [11,12], is the Freundlich isotherm model (Equation 3):  
  (3) n eqckΓ 
In the above power function, k and ceq are the Freundlich equilibrium constant and the 
power constant of the Freundlich isotherm, respectively. Although the Freundlich model 
is limited in that the adsorbed amount increases indefinitely with the adsorbent concen-
tration, it can nevertheless be of theoretical interest to describe adsorption on energeti-
cally heterogeneous surfaces. For example, the Freundlich model was reported to fit iso-
therms where the adsorption energy behaves inversely proportional to the logarithm of 
the degree of surface coverage [13]. A third model representing a simple generalization of 
both previously described isotherm models is the combined Langmuir-Freundlich model 
(Equation 4), which was derived by Sips in 1950 [14]:  
 n
eqm
n
eqmmax
)c(K
)c(KΓ
Γ


1  (4) 
In analogy to the Langmuir model, Γ equals the adsorbed amount per unit surface, max 
the maximum attainable surface concentration, and ceq the concentration of free mole-
cules in solution at adsorption equilibrium conditions. In this model, Km equals the mean 
binding affinity, which is the mean value of varying bonding energy coefficients K on 
heterogeneous surfaces, applying a Gaussian-like distribution of these energy coefficients 
[15,16]. Although not completely equivalent to the Langmuir constant, a higher value of 
Km still corresponds to a faster adsorption over desorption [17]. The Langmuir-Freund-
lich model combines both single models, but can reduce to either at its limits. For n = 1, it 
reduces to the Langmuir isotherm (Equation 2), where Km equals the binding affinity K. If 
Km or ceq reaches 0, the isotherm is reduced to the Freundlich term (Equation 3). The 
power constant n is of particular interest because it represents the type and the extent of 
adsorption cooperativity in adsorption of heterogeneous nature [5]. For independent and 
non-interacting adsorption sites, the n-value is 1, according to the Langmuir model. Posi-
tive adsorption cooperativity is indicated by n > 1, while negative cooperativity can be 
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expected when 0 < n < 1. Therefore, n can be used as an empirical coefficient representing 
the kind and the degree of cooperativity which prevails during the binding step. Sharma 
and Agarwal found the combined Langmuir-Freundlich model to be capable of modeling 
adsorption cooperativity and to be much better suited for approximating heterogeneous 
adsorption due to its three fitting terms [5].  
Within the scope of previous chapters, we have not yet investigated the IgG1 adsorption 
on either hydrophilic or hydrophobic packaging container surfaces by means of iso-
therms, but only as one-point determination at one single protein concentration in the 
upper range. Adsorption isotherms, which illustrate the adsorbed amount Γ over a broad 
range of concentration ceq, can give further insightful information on the adsorption pro-
cess. Conclusions can be drawn concerning the predominating extent of electrostatic or 
hydrophobic interaction as well as structural rearrangements upon adsorption [9,18,19]. 
As already mentioned above, the initial slope of an isotherm is an indication of the affini-
ty of a protein to the sorbent surface. The appearance of defined plateaus on the isotherm 
curves furthermore indicates saturation conditions, which can correspond to a state equal 
to, less than, or even above a complete protein monolayer [19]. The occurrence of steps or 
inflection points in adsorption isotherms can be indicative of conformational alterations 
of adsorbed proteins; it can denote a reorientation step or probably the onset of a second 
protein layer [20].  
In our previous work, the influence of the surface quality on IgG1 adsorption, including 
free energy, was investigated (Chapter 3). Other studies dealt with the impact of the pro-
tein formulation composition on the extent of adsorbed IgG1 at saturation conditions 
(Chapter 4). In this study, the key parameters of both aspects were combined and adsorp-
tion isotherms of IgG1 were determined at different pH values on borosilicate glass, on 
siliconized borosilicate glass, as well as on hydrophobic cyclic polyolefin (COP) plastic. 
For borosilicate glass, the influence of ionic strength (I) on equilibrium adsorption behav-
ior was also investigated at two characteristic pH values: at pH 4.0 (representing maxi-
mum adsorption) and pH 8.6 (the isoelectric pH of IgG1) (see Chapter 4). With the aid of 
the most qualified isotherm model, the associated adsorption constants were calculated, 
by which the adsorption behavior under different conditions was subsequently interpret-
ed. In addition to isothermal adsorption investigations, the adsorption kinetics of IgG1 
on a hydrophilic silica model surface was studied, which should verify the observed dif-
ferences in adsorption affinity at extreme pH values and give first insights into adsorption 
reversibility.  
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2  MATERIALS AND METHODS 
2.1  Materials 
2.1.1  Protein Formulation  
For protein adsorption experiments, an IgG1 (MW ≈ 152 kDa), dissolved in 10 mM phos-
phate buffer and 145 mM NaCl (pH 7.2), was used, which was kindly provided by Merck 
Serono (Darmstadt, Germany). For ionic strength adjustment, the solution was dialyzed 
against a pure 10 mM phosphate buffer solution (NaH2PO4 and Na2HPO4 from Merck 
Chemicals, Darmstadt, Germany) using Vivaflow® 50 tangential flow filtration cartridges 
(Sartorius-Stedim Biotech, Goettingen, Germany) equipped with a 30,000 MWCO poly-
ethersulfone (PES) membrane. The IgG1 concentration was determined by UV spectros-
copy (see 2.2.1). Different volumes of a concentrated solution of NaCl (Merck Chemicals, 
Darmstadt, Germany) in the above-mentioned phosphate buffer were added to the pro-
tein solution. The pH was finally adjusted using 1M NaOH or HCl (Sigma-Aldrich, Mu-
nich, Germany). The ionic strength as well as the amount of excipients needed (NaCl, 
acid, or base) were calculated as described in Chapter 4. All protein solutions were filtered 
through a hydrophilic 0.2 μm PES membrane filter (Pall GmbH, Dreieich, Germany) be-
fore use. Typical protein handling like dilution and sample preparation was done in 15 ml 
and 50 ml polypropylene tubes (GreinerBio-One GmbH, Frickenhausen, Germany).  
 
2.1.2  Glass Vials and Closure Systems 
The pharmaceutical containers used in the investigations were Fiolax® 2R borosilicate 
glass vials, kindly provided by SCHOTT AG (Mainz, Germany). The vials were preproc-
essed (washed and heat sterilized) as described in Chapter 2. Resin CZ® 2 ml plastic vials 
(Daikyo Seiko, Ltd., Japan) made of a cyclic polyolefin (COP) were washed in the same 
way as the glass vials but dried at only 80°C for 1 h. Siliconized Fiolax® 2R borosilicate 
glass vials (pre-siliconized with Dow Corning 360), also from SCHOTT AG (Mainz, Ger-
many), were preprocessed in the same manner as the plastic vials. After filling, the vials 
were closed with FluroTec® stoppers and finally sealed with Flip-Off® seals, both from 
West Pharmaceutical Services GmbH & Co. KG (Eschweiler, Germany).  
 
2.1.3 Chemicals / Excipients 
Ultrapure water (0.055 μS/cm) for all applications came from a Purelab Plus UV/UF sys-
tem (ELGA LabWater, Celle, Germany) and was filtrated through a 0.22 μm membrane 
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filter before use. Sodium dodecyl sulfate (SDS) for IgG1 desorption was purchased from 
Sigma-Aldrich (Munich, Germany).  
 
2.2 Methods 
2.2.1 UV Spectroscopy 
UV spectroscopy for protein concentration measurements was performed on a tempera-
ture-controlled Agilent 8453 UV/VIS spectrophotometer (Agilent Technologies GmbH, 
Boeblingen, Germany) at 25°C, λ = 280 nm, using quartz cuvettes and applying an extinc-
tion coefficient of 1.40 cm2/mg for antibodies [21].  
 
2.2.2 Adsorption Process for Isotherm Determination 
The standardized adsorption procedure for IgG1 in containers was discussed in detail in 
Chapter 2. Briefly, the preprocessed vials were filled with IgG1 solution, closed, and 
incubated for 24 h in a water bath at 25°C with slow horizontal movement (25 rpm). The 
vials were emptied using a syringe with an injection needle and rinsed in four steps with 
buffer solution with the same formulation composition. For desorption of the inherent 
proteins, the vials were filled with PBS buffer pH 7.2 (10 mM phosphate plus 145 mM 
NaCl) containing 0.05% SDS, sealed, and stored at the above conditions over night for a 
further 14 h.  
 
2.2.3 Size Exclusion High Performance Liquid Chromatography 
Desorbed protein quantities were analyzed via size exclusion HPLC on an Agilent 1100 
(Agilent Technologies GmbH, Boeblingen, Germany) equipped with a Tosoh TSKgel 
G3000SWXL and a TSKgel SWXL guardcolumn (Tosoh Bioscience GmbH, Stuttgart, 
Germany). The mobile phase equaled the desorption buffer described above. The injected 
sample volume was 400 μl and the run duration 50 min. The protein fluorescence signal 
at λex / λem 280 nm / 334 nm was recorded. All chromatograms were integrated manually 
with the Agilent ChemStation software Rev. B 02.01 (Agilent Technologies GmbH, Boeb-
lingen, Germany). In each HPLC batch run, a 10-point IgG1 calibration from 0.1 to 10.0 
μg/ml was included. 
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2.2.4 (Non-) Linear Curve Fitting  
Adsorption isotherms were correlated with theoretical adsorption models by linearization 
or nonlinear curve fitting by applying Levenberg-Marquardt iterations, using Origin 7 
SR4 (OriginLab Corporation, Northampton, MA, USA).  
 
2.2.5 Quartz Crystal Microbalance Measurements 
Kinetic adsorption studies were performed on a Q-Sense E4 quartz crystal microbalance 
with dissipation monitoring (QCM-D) (Q-Sense AB, Gothenburg, Sweden). Thereby, 
disc-shaped piezoelectric quartz crystals with metal electrodes on both sides were excited 
to oscillation. In our case, sensors coated with silicon dioxide 50 nm (QSX 303, also from 
Q-Sense) served as model substrate to simulate the borosilicate glass surface. Buffer and 
protein solutions were pumped through the cells in a slow and constant flow. In the ad-
sorption experiment, the cells were equilibrated with the corresponding blank buffer first. 
Subsequently, the protein was allowed to adsorb on the silica surface from IgG1 solutions 
(0.5 mg/ml) of pH 4.0 and pH 8.6. After a buffer rinsing step, the adsorbed IgG1 was re-
moved with SDS desorption buffer pH 7.2 (described above), followed by another rinsing 
step with SDS-free blank buffer of the starting pH. The schedule of the 3-hour experiment 
is depicted in Table 1.  
 
Table 1: Time table of the QCM-D experiment. 
Time (h:min) Medium Step # 
- 0:10 – 0:00 Equilibration with PBS    
 0:00 – 0:45 IgG1 (500 μg/ml) in PBS  1 
 0:45 – 2:05 Rinse with blank PBS  1a 
 2:05 – 2:35 PBS + 0.05% SDS  2 
 2:35 – 3:00 Rinse with blank PBS  2a 
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3 RESULTS AND DISCUSSION 
3.1 Fitting of IgG1 Adsorption Isotherms Determined on  
Borosilicate Glass 
IgG1 adsorption isotherms, measured on various vial types at different adsorption condi-
tions, were correlated with each of the three adsorption models elucidated in the intro-
duction. Both the Langmuir and the Freundlich model can be easily converted into a 
linear equation by simple mathematical transformations. As for the Langmuir isotherm, 
the semi-reciprocal plot (c/Γ versus c) and the Scatchard plot (Γ/c versus Γ) were applied 
[22]. With a few exceptions, neither of the transformation plots revealed an acceptable 
linearization (data not shown). Hence, it was concluded that the Langmuir model does 
not satisfactorily describe the adsorption system of IgG1 on different container surfaces. 
With regard to the Langmuirean assumptions described above, this result can indicate a 
heterogeneous constitution of the adsorption sites on the vial surfaces or of the protein, 
respectively. Other conclusions could be multiple adsorption sites per molecule or lateral 
interactions among the adsorbing molecules. The Freundlich isotherm model, which 
basically equals a power function of solute concentration, can be linearized by plotting in 
double logarithmic coordinates [11]. Although the Freundlich model was rather appro-
priate for inhomogeneous adsorption site conditions, a satisfactory coincidence of the 
isotherms with this model was once more not observed in any instance (data not shown). 
The Temkin model, also proposed for the situation of reversible heterogeneous adsorp-
tion but not further elucidated in the scope of this work, served as an ancillary model. For 
instance, it has been successfully applied for the description of cytochrome c adsorption 
on metal affinity chromatographic support [4]. We applied the Temkin model as well in 
order to fit experimental IgG1 adsorption isotherm data. But it also failed to characterize 
IgG1 adsorption behavior (data not shown). Most likely, the model’s basic assumption of 
a uniform distribution of binding energies does not apply for the adsorption of protein on 
both hydrophilic and hydrophobic surfaces.  
The Langmuir-Freundlich model, which has been successfully applied to describe protein 
adsorption processes on solid surfaces [6,17,23] corresponded well with the adsorption 
data, irrespective of the type of sorbent surface or formulation composition (Figures 1 
and 4). As a consequence, the Langmuir-Freundlich model was solely used for the inter-
pretation of our adsorption studies. Adsorption isotherms of IgG1 on borosilicate glass 
are shown for pH 4.0 (Figure 1a) and pH 8.6 (Figure 1b) at different ionic strengths. As 
expected from the adsorption results of Chapter 4, pH 4.0 isotherms exhibit higher 
adsorption plateau levels at the terminal concentration of 2 mg/ml than the pH 8.6 iso- 
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therms. The affinity of IgG1 to glass, which is indicated by the initial part of the isotherms 
(the initial gradient of the curve), is apparently higher at pH 4.0. Thus, adsorption values 
in the range of the plateau are already reached at lower ceq values, whereas at pH 8.6, Γ 
increases more evenly up to the higher concentration range. The high surface affinity of 
IgG1 at pH 4.0, especially striking at low ceq, is mainly the result of the high electrostatic 
attraction between the net-positively charged IgG1 and the net-negatively charged glass  
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Figure 1: Adsorption isotherms of IgG1 measured on borosilicate glass vials at (a) pH 4.0 and 
(b) pH 8.6 for I = 40, 85 and 600 mM (n = 3); isotherms fitted by nonlinear curve approxima-
tion based on the Langmuir-Freundlich model.  
 
Table 2: Results of the adsorption isotherm nonlinear curve fitting with the Langmuir-Freund-
lich model for IgG1 on borosilicate glass at pH 4.0 and pH 8.6.  
Langmuir-Freundlich model parameters 
 
Ionic strength 
(mM) 
Initial slope a 
(mg∙ml/μg∙m2) 
max b 
(mg/m2) 
n b 
 
K b 
(ml/g) 
pH 4.0 40  0.7482 undefined c 0.14 undefined c 
 85  0.8351 11.54 0.20 0.29 
 600  0.6951 8.53  0.31 5.91 
        
pH 8.6 40  0.2670 undefined c 0.22 undefined c 
 85  0.0481 4.08  0.58 1.62 
 600  0.0032 3.01  0.78 1.06 
a determined out of three points per curve (the origin of ordinates and the first two data points of the 
isotherm)  
b nonlinear least square fit (Levenberg-Marquardt algorithm)  
c no value computable  
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surface, as discussed in Chapter 4. For pH 8.6, where the net charge of IgG1 is in the 
range of zero, the affinity is appreciably reduced. The low affinity, derived from the low 
initial curve slope, gives rise to an incomplete surface saturation, which only gradually 
increases with increasing protein concentration. At both pH values, steps in the isotherm 
curve shapes are missing and no other defined plateaus emerge. Therefore, it can be stat-
ed that the occurrence of multiple layer adsorption as well as structural and/or organiza-
tional transitions occurring abruptly at a certain surface coverage, is very unlikely [3]. In 
the course of curve fitting with the Langmuir-Freundlich model, the three individual 
model parameters were evaluated by nonlinear regression using the Levenberg-Mar-
quardt algorithm. The initial slope of each isotherm was approximated by a linear fit of 
the first two data points including the origin of ordinates (Table 2). 
It was found in Chapter 4 that the impact of the ionic strength on the adsorbed amount of 
IgG1 on borosilicate glass changes with the prevailing pH. As expected from these results, 
at pH 4.0 an increase in the ionic strength from 40 mM, to 85 mM, through to 600 mM 
led to increasing isotherm plateau levels (Figure 1a). The computed values of Γmax for 
pH 4.0 (Table 2) however, are not totally in line with the isotherm curve progressions. 
Given the prevailing attractive electrostatic conditions towards the surface, this increase 
in adsorption is mainly attributed to the ionic shielding of pronounced intermolecular 
electrostatic repulsion forces at this pH (see Chapter 4). As a consequence, a denser pack-
aging of molecules on the surface at higher ceq takes place. The initial isotherm slope how-
ever, which indicates the overall adsorption affinity towards the surface, is not severely 
affected by a higher salt content (Table 2 and Figure 2a). This near-complete absence of 
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Figure 2: Graphical analysis of the ionic strength dependent (a) isotherm initial slope, indicat-
ing adsorption affinity and (b) Langmuir-Freundlich coefficient n, indicating type and degree 
of the adsorption cooperativity for IgG1 adsorption on borosilicate glass at pH 4.0 and pH 8.6.  
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an ionic strength dependency at low surface coverage confirms the conclusion of Chap-
ter 4, which states that the attenuation of electrostatic attractive forces between IgG1 and 
the glass surface by ion shielding at pH 4 is irrelevant. By contrast, an increasing ionic 
strength at pH 8.6 entails the opposite effect (Figure 1b). The initial slope of the isotherms 
decreases significantly by approx. two orders of magnitude when the ionic strength is 
increased from 40 mM to 600 mM (Figure 2a). At initial isotherm conditions, intermolec-
ular interactions on the surface play a minor role due to the low surface coverage. Hence, 
the decrease in adsorption affinity must be due to a reduction of the (small) attractive 
forces by low molecular ion charge screening, as already assumed in Chapter 4. Evidently, 
at pH conditions where intermolecular electrostatic repulsion is non-existent or very low 
(IEP), the decrease in the maximum capacity Γmax with increasing I is similarly attributa-
ble to reduced surface attractive forces. Thus, previous findings and interpretations could 
be well confirmed by the isotherm results.  
Unfortunately, not all isotherm specific constants could be determined unequivocally by 
nonlinear curve fit iterations, especially for low ionic strength conditions. However, from 
our point of view, this did not interfere with an accurate determination of the Langmuir-
Freundlich parameter n. This empirical coefficient was 0 < n < 1 for all ionic strengths at 
either pH, indicating negative cooperative adsorption throughout. Thus, once IgG1 
molecules have attached to the surface, the affinity of the following molecules decreases 
because attractive forces decrease or repulsive forces increase. By increasing the ionic 
strength, n tends to the value of 1, indicating that the extent of negative cooperativity 
decreased. This is no surprise being that intermolecular repulsive forces were diminished. 
At the IEP, where these forces are very low by nature, the impact of ionic strength on the 
degree of negative cooperativity is strong and I values of 170 to 600 mM resulted in an 
almost non-cooperative adsorption (Table 2 and Figure 2b). But very low ionic strengths 
entailed a relatively high degree of negative cooperativity at pH 8.6, which was not neces-
sarily expected. A lower IgG1 stability, such as an increased aggregation or denaturation/ 
unfolding propensity upon high or low salt conditions, can be ruled out (see Chapter 7). 
Hence, this phenomenon most likely stems from long-ranging intermolecular interac-
tions at low salt conditions or from other unknown reasons. At pH 4.0 however, the 
degree of negative cooperativity remained at a higher level, despite an increasing salt con-
tent (Figure 2b). It seems that the shielding efficiency at the prevailing ionic strengths was 
not sufficient to attenuate the strong repulsion forces; or pronounced intermolecular re-
pulsion forces are not the only cause for the high and persistent degree of negative coope-
rativity at pH 4.0.  
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3.2 QCM Kinetic Measurements of IgG1 Adsorption 
The aforementioned pH-dependent differences in adsorption affinity of IgG1 on boro-
silicate glass were verified by quartz crystal microbalance (QCM) kinetic measurements, 
using a hydrophilic silica model surface. Figure 3 depicts the frequency shift (Δf) for IgG1 
adsorbing at the hydrophilic silica-coated sensors at pH 4.0 and at pH 8.6. The pH 4.0 fre-
quency curve shows a rapid decrease in the early stage of adsorption (1), indicating a high 
adsorption rate and thus a very high affinity. The pH 8.6 solution reveals a significantly 
less pronounced initial frequency drop. In either case, the initial adsorption phase is fol-
lowed by a gentle decrease, approaching equilibrium conditions. The pronounced differ-
ence in adsorption kinetics underlines the marked difference in adsorption affinity at 
both pH values. After a short adsorption time of 45 min, rinsing with correlating protein-
free sample buffer (1a) reveals only a limited extent of adsorption reversibility in either 
instance. Although the adsorption process has not reached the final equilibrium state af-
ter 45 min, the ratio ΔfpH 4.0 / ΔfpH 8.6 after rinsing (≈ 3.5) is well in line with the analogous 
ratio of adsorbed amounts after 24 h (≈ 3.6) (see section 3.3).  
Subsequently, the removability of adsorbed IgG1 by SDS buffer elution was studied. As 
soon as the surfactant-containing liquid wets the adsorbate (2), the protein is removed. 
Another equilibrium state is virtually established within 30 min of eluting. The final rins-
ing step with blank buffer (2a) reveals a disparity of both terminal curves. But considering 
a certain drift tendency in the course of the adsorption experiment, it can be assumed that 
IgG1 was exhaustively removed, irrespective of the adsorption pH.  
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Figure 3: Frequency shift as a function of time for the exposure of IgG1 at pH 4.0 (red) and 
pH 8.6 (blue) to hydrophilic silica coated QCM sensors.  
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3.3 Isotherms of IgG1 Adsorption on Different Container Surfaces 
In the following, IgG1 adsorption on different surface types (hydrophilic borosilicate 
glass, hydrophobic siliconized borosilicate glass, and hydrophobic COP plastic) is com-
pared by means of adsorption isotherms at different pH values and constant moderate 
ionic strength of 170 mM (Figure 4a - c). Again, isotherm data were fitted with the Lang-
muir-Freundlich model, applying a nonlinear least square fit approximation. The iso-
therm-specific constants such as the initial slopes and the Langmuir-Freundlich model 
parameters are summarized in Table 3.  
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Figure 4: Adsorption isotherms of IgG1 measured on (a) borosilicate glass vials, (b) hydropho-
bic siliconized glass vials and (c) hydrophobic COP plastic vials at three (two) different pH 
values, (I = 170 mM) (n = 3); isotherms fitted by nonlinear curve approximation based on the 
Langmuir-Freundlich model.  
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Table 3: Results of the adsorption isotherm nonlinear curve fitting with the Langmuir-Freund-
lich model for IgG1 adsorption on three different container materials (I = 170 mM).  
Langmuir-Freundlich model parameters 
 
pH 
 
Initial slope a 
(mg∙ml/μg∙m2) 
max b 
(mg/m2) 
n b 
 
K b 
(ml/g) 
Borosilicate glass 4.0 1.032 6.90 0.26 52.51  
 7.2 0.142 4.00 0.46 4.23  
 8.6 0.012 2.04 0.74 4.17  
       
Siliconized glass 4.0 0.637 7.48  0.39 18.18  
 7.2 0.374 13.23  0.33 0.14  
 8.6 0.292 7.92  0.36 0.68  
       
COP plastic 4.0 0.483 4.15 0.39 54.82  
 8.6 0.248 4.91 0.41 3.77  
a determined out of three points per curve (the origin of ordinates and the first two data points of the 
isotherm)  
b  nonlinear least square fit (Levenberg-Marquardt algorithm)  
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Figure 5: Graphical analysis of the pH-dependent (a) isotherm initial slope, indicating adsorp-
tion affinity and (b) Langmuir-Freundlich coefficient n, indicating the type and degree of ad-
sorption cooperativity for IgG1 adsorption on three different container materials.  
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The isotherms measured on borosilicate glass show an initial slope ranging between two 
orders of magnitude as a function of solution pH. In contrast, the initial isotherm slopes 
for the hydrophobic surfaces are consistently on a high level (Figures 4 and 5a). Appar-
ently, the adsorption affinity at pH 4.0 is similarly high for both hydrophilic and hydro-
phobic surfaces. The decreasing affinity of IgG1 towards the hydrophilic glass surface 
with increasing pH can be explained by changes in the electrostatic interaction force con-
ditions (see above). In contrast, adsorption on hydrophobic surfaces is rather driven by 
hydrophobic interactions, which, in turn, are strong and commonly independent of pH. 
Accordingly, the affinity remains high despite changes in the hydrogen ion concentration 
(Figure 5a). Beyond that, pH-dependent intermolecular repulsive forces can theoretically 
impact the adsorbed amount, also on uncharged hydrophobic surfaces. However, as for 
adsorption affinity, this is unlikely, since intermolecular interactions play a minor role in 
the initial isotherm region.  
In the subsequent isotherm curve progression of glass isotherms and siliconized glass 
isotherms, a dependence of the isotherm plateau values on solution pH can be observed 
(Figure 4a and b). For either surface, the adsorbed amount at ceq = 2 mg/ml increases in 
the order of pH 8.6 < pH 7.2 < pH 4.0, and both at pH 8.6 and 7.2, plateau adsorption on 
the hydrophobized glass exceeds that of the hydrophilic substrate. In contrast to the hy-
drophilic glass surface, isotherms measured on the hydrophobized glass seem not to reach 
defined plateau values at ceq = 2 mg/ml. As mentioned above, for a low free energy surface, 
protein adsorption increases with increasing hydrophobicity through hydrophobic inter-
actions. Although protein - protein electrostatic interactions are largely missing at low 
surface coverage, they can gain in importance with increasing surface coverage and affect 
the adsorbed amount in the terminal isotherm region. The relationships between charge 
and the adsorption process were extensively elucidated before (Chapter 4). However, 
more profound insights concerning this matter are expected from IgG1 adsorption iso-
therms measured on the COP plastic containers. Their hydrophobic surface has an only 
slightly higher surface free energy compared to that of the siliconized glass (see Chapter 
3), but a totally different chemical composition. It was mentioned that the initial isotherm 
shapes for COP plastic are comparable with those of the siliconized glass, indicating an 
adsorption affinity independent from pH as well (Figures 4 and 5a). But in the further 
curve progression, both the pH 8.6 and the 4.0 adsorption level reach the same (mid-
level) terminal plateau value. In Chapter 4, uniform adsorbed amounts were observed in 
adsorption studies at both pH 4.0 and pH 8.6 (c = 2 mg/ml, I = 170 mM) for the COP 
material. It was concluded that at pH 4.0, where the protein net charge is substantial, an 
ionic strength of 170 mM led to balanced hydrophobic attraction and intermolecular 
electrostatic repulsion forces. As a consequence, adsorbed amounts were similar to those 
at isoelectric pH, where the intermolecular force component was largely missing. How-
ever, force equilibrium state considerations fail to entirely explain the increased and espe-
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cially the differing isotherm plateau levels of the siliconized glass surface, since intermo-
lecular electrostatic conditions are the same as on the plastic surface. Therefore, other 
reasons have to be considered. It is known that interactions between hydrophobic protein 
structures and surfaces of a lower free energy are more likely to cause severe alterations in 
the protein structure compared to hydrophilic surfaces [24,25]. Hydrophobic interactions, 
representing strong driving forces for adsorption, are further increased in case the protein 
loses its globular shape, which thereby increases its surface contact area. Although struc-
tural changes of the protein upon surface binding were described to be more probable for 
low degrees of surface coverage [26], they could have a pronounced effect at advanced 
adsorption as well. A slightly decreased degree of structural stability of IgG1 at pH 4.0 
compared to moderate pH was demonstrated in Chapter 7, which substantiates the above 
theory. Furthermore, also the degree of adsorption irreversibility has to be considered, 
which arises from multiple contacts of the protein with the surface [27]. With respect to 
the surface properties, the silicone oil can be assumed to feature a more pronounced 
stickiness and thus, a decreased degree of adsorption reversibility, whereas an increased 
propensity to unfolding seems probable as well.  
The adsorption cooperativity type, which was once again analyzed by means of the Lang-
muir-Freundlich parameter, is negative for all adsorption isotherms irrespective of the 
surface quality and solution pH (Table 3 and Figure 5b). The main driving forces, both 
the electrostatic forces on the hydrophilic glass surface and the hydrophobic interactions 
in the case of the low energetic materials, decrease with an increasing degree of surface 
coverage resulting in reduced affinity for subsequently adsorbing molecules. While the 
coefficient n of the hydrophilic glass isotherms increases significantly with a pH change 
from acidic (pH 4.0) towards the isoelectric point (pH 8.6), it is not affected by pH for the 
hydrophobic substrates. It was elucidated above that a high protein charge and hence 
strong intermolecular repulsive forces are responsible for a pronounced negative coope-
rativity at pH 4.0 on hydrophilic glass, whereas the negative cooperativity effect is re-
duced at higher pH under less repulsive conditions. Potentially, also structural rearrange-
ments of the molecules bound to the hydrophilic glass surface may play a role, which are 
increased at higher pH (Chapter 7). However, the reasons for the observed results con-
cerning hydrophobic surfaces are still ambiguous and their clarification would require 
further investigations.  
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4 CONCLUSIONS 
In this Chapter, IgG1 adsorption on hydrophilic and hydrophobic surfaces was investi-
gated by means of adsorption isotherms at variable surface free energies of the sorbent 
surfaces and variable solution compositions in terms of pH and ionic strength. The appli-
cation of three popular theoretical isotherm models on the experimental data revealed 
that only the combined Langmuir-Freundlich model provides a reasonable mathematical 
curve description. With a few exceptions, the nonlinear curve fit facilitated the computa-
tion of isotherm-associated constants. In the case of the Langmuir-Freundlich model, 
these are the maximum attainable surface concentration max, the mean binding affinity 
Km, and the power constant n, the latter indicating the type and extent of adsorption co-
operativity. Furthermore, information on the adsorption affinity could be derived from 
the isotherm curve progression. For the hydrophilic borosilicate glass surface, the impact 
of increasing ionic strength on IgG1 adsorption varies depending on the pH conditions 
during incubation. The results for the initial adsorption affinity, as well as the isotherm 
plateau values and the adsorption cooperativity, indicated that IgG1 adsorption on glass 
follows a widely electrostatically dominated adsorption mechanism, which is in accor-
dance with the adsorption theory established in Chapter 4. Quartz crystal microbalance 
adsorption kinetic measurements on hydrophilic silica, which was taken as a model sub-
strate, corroborated the particularly high adsorption affinity of IgG1 at pH 4.0, especially 
when comparing it to pH 8.6. By subsequent buffer rinsing, hardly any desorption could 
be observed in either case. Surface-bound IgG1 was completely removed by SDS, which 
once again substantiated the excellent applicability of the standard adsorption quantifica-
tion method developed previously (see Chapter 2). The modeled adsorption cooperativity 
type on hydrophilic glass was negative at any adsorption condition, indicating a decreas-
ing affinity to the surface for subsequently attaching molecules. A decreasing extent of 
negative cooperativity with increasing salt concentration was observed for pH 4.0 and 
pH 8.6, indicating that long-ranging intermolecular electrostatic repulsion forces were 
causative. In contrast to hydrophilic glass, the high adsorption affinity of IgG1 to the 
hydrophobic siliconized borosilicate glass was hardly affected by pH. This observation, 
together with increased isotherm plateau values, is attributed to the presence of pro-
nounced hydrophobic interactions. Although hydrophobic as well, COP plastic material 
gave rise to lower adsorption in terms of the terminal isotherm progression, which might 
be due to differences in chemical surface properties that affect adsorption reversibility or 
structural stability. Both hydrophobic surfaces revealed a high degree of negative adsorp-
tion cooperativity, regardless of the apparent pH. This is in marked contrast to the results 
for the glass surface. Specifically, the effects of the hydrophobic surfaces on structural 
protein instability upon adsorption should be subject to further investigations.  
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Chapter 6   
 
Advanced Investigations on Adsorbed IgG1 Molecules with 
XPS and ToF-SIMS 
 
Abstract 
In the scope of this study, the surface sensitive spectroscopic methods, X-ray photoelec-
tron spectroscopy (XPS) and static time-of-flight secondary ion mass spectrometry (ToF-
SIMS), were applied to obtain additional chemical information on the borosilicate glass 
surface used for protein adsorption experiments, as well as on the IgG1 fractions ad-
sorbed at different pH. In comparison to previously established analytical procedures in 
connection with protein adsorption experiments, a striking feature of both new methods 
was their capability of providing space-resolved information regarding the glass vial body. 
Detailed investigations were performed on blank glass vial samples (bottom and wall 
pieces) after the established washing and heat sterilizing pretreatment as well as on IgG1 
layers adsorbed at pH 4.0, 7.2, and 8.6. These pH values correspond to the pH of maxi-
mum adsorption, to the standard pH of the IgG1 formulation, and to the isoelectric point 
of the IgG1. XPS was successfully applied for qualitative as well as for quantitative investi-
gations. Unspecific organic material was detected on the surface of the blank glass sam-
ples. Contamination was present in higher quantities on vial walls and less on vial bot-
toms. ToF-SIMS neither gave indication of the exact nature of the organic material, nor of 
a particular contaminating source. The amount of adsorbed IgG1 on the glass vial sam-
ples correlated with the degree of the above mentioned surface contamination. Both XPS 
and the established surfactant based desorption quantification procedure revealed that 
irrespective of the incubation pH, more protein per surface area was bound on the vial 
wall part. The approximated mean thickness of the dried IgG1 adsorption layers, deter-
mined by XPS, reached from 1.1 nm (bottom, pH 8.6) to 4.9 nm (wall, pH 4.0). Addition-
al ToF-SIMS measurements were performed to acquire information on the molecular 
composition of the topmost area of the IgG1 adsorbates. Principal component analysis 
turned out to be suitable and most helpful for the simultaneous comparison of an in-
creased number of sample spectra. Protein adsorbates could therefore be classified by 
means of the incubation pH, as well as by means of the extent of surface coverage. The 
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heterogeneous fragmentation pattern of IgG1 adsorbates at different solution pH values 
in ToF-SIMS pointed to differences in the molecular orientation or to a varying degree of 
denaturation, whereas the prevalence of an influencing matrix effect could not be ruled 
out.  
 
 
1  INTRODUCTION  
In previous work, sensitive quantification procedures were developed (Chapter 2) and 
successfully applied to determine the adsorbed amount of IgG1 on borosilicate glass vials 
as a function of solution parameters, such as pH value, ionic strength or different salt 
types (Chapter 4). These variables did not only affect properties of the protein molecules, 
but also sorbent surface qualities, as for instance the surface free energy and the glass sur-
face elemental composition (Chapter 3). As a measure of surface hydrophilicity, the sur-
face free energy has shown to substantially determine the amount of adsorbed IgG1 on 
the glass surface at otherwise consistent solution conditions. It was proposed that surface 
contamination effects could have been responsible for an observed decrease in surface 
free energy. This free energy decrease, in turn, was associated with an increased amount 
of adsorbed IgG1. A thorough analysis of the chemical state of the outermost glass surface 
is therefore of particular interest and can be accomplished by means of X-ray photoelec-
tron spectroscopy (XPS) and static time-of-flight secondary ion mass spectrometry (ToF-
SIMS). In addition, the utilization of both highly sensitive surface analytical techniques 
might provide further information on the adsorbed protein molecules such as, for in-
stance, their spatial distribution on the glass surface. Both techniques have been widely 
applied in the investigation of protein adsorption on solid surface [1-4].  
XPS provides qualitative and quantitative information on all elements of the outermost 
sample surface (except for H and He) in a sampling depth of 20 - 100 Å [5]. This data is 
commonly observed from XPS survey spectra over a wide range of binding energies. De-
tailed information on the chemical binding is obtained from high resolution spectra of 
particular elements. When surface bound protein is investigated, high resolution C1s 
spectra are mainly composed of three predominating carbon species. The first one, locat-
ed at the binding energy of 285.0 eV, can be assigned to aliphatic hydrocarbon species 
(C–H / C–C). The species at 286.5 eV reflects carbon bound to oxygen or nitrogen (C–O / 
C–N) [6] and can indicate the carbon of the protein backbone (NH–CHR–CO) or the 
residues. The third peak at a binding energy of 288.2 eV is generally seen as distinctive for 
protein and can be assigned to the amide carbon (N–C=O) [7]. Since proteins contain a 
characteristic percentage of amide carbon and nitrogen, they can be well distinguished 
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from non-proteinaceous organic material on the surface, such as hydrocarbons or carbo-
hydrates. For the quantification of proteins, preferentially on nitrogen free surfaces, the 
total atomic percentage of nitrogen or the ratio of N and an exclusive surface element can 
be utilized. For nitrogen containing substrates, the accuracy suffers and quantification 
usually becomes more challenging. Alternatively, protein may be indicated by an increas-
ing “amide peak” intensity at 288.2 eV or by the reduction of characteristic element 
signals of the underground by the overlaying protein film [3,7,8]. The sensitivity of pro-
tein quantification with XPS is very high. The detection limit of fibrinogen on mica, for 
example, has been determined by Wagner et al. to be approx. 100 - 250 μg/m2 [7], which 
matches well with the sensitivity of the SDS protein desorption assay elaborated in Chap-
ter 2. Besides providing sensitive qualitative and quantitative information on the ad-
sorbed protein film and the underlying surface, XPS is also capable of clarifying the three 
dimensional structure of adsorbed protein films [9,10]. This includes the determination 
of the (mean) layer thickness of protein adsorbates [5,9,11], from which conclusions on 
the preferential molecular orientation in the adsorbed state can be drawn. However, a 
potential alteration of the protein structure, induced by vacuum drying for XPS analysis, 
has to be critically considered. Despite the versatile fields of applications, XPS lacks 
detailed macromolecular information on the surface chemistry because of its exclusive 
specificity for the elemental composition [5]. For that reason, additional ToF-SIMS analy-
sis was necessary.  
The interest in ToF-SIMS has continuously increased in life science for the chemical char-
acterization of surfaces. It has also been used in the investigation of adsorbed protein 
films by the groups of Wagner, Horbett, and Castner [5,7,12], Ferrari and Ratner [11], 
Lhoest et al. [13], and others [14,15]. An important focus regarding protein analysis with 
ToF-SIMS was the characterization and identification of single proteins and of heteroge-
neous protein films adsorbed on solid surfaces. In ToF-SIMS, the surface is bombarded 
with an ion beam (Ga+, Cs+, Ar+, Xe+, Bi-cluster, or others) with some keV energy. These 
primary ions penetrate the surface and the primary energy is transferred to target atoms 
via collisions in a so called collision and energy transfer cascade. By this means, atoms 
and molecular fragments are emitted from the surface and the positively or negatively 
charged fragments are analyzed by their mass. Recently, it has been described that the use 
of Ga+ primary ions leads to a poor yield of larger protein specific secondary ions, where-
as primary ions with a higher mass would improve the ToF-SIMS analysis of protein sam-
ples [14]. In a series of studies, two primary ion sources (Ga+ and Bi-cluster) were com-
pared and could demonstrate that Ga+ resulted in an increased sensitivity for composi-
tional changes of the glass surface. In contrast, the use of larger Bi-cluster primary ions 
shifted the fragmentation pattern towards larger fragment sizes and thus enhanced the 
information content on the organic material (data not shown). One benefit of the ToF-
SIMS technique is its very high surface sensitivity down to the femtomolar range, with a 
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typical sampling depth on surfaces, including (bio-)polymeric materials, of only 10 - 15 Å 
[16-18]. From this, a lower detection limit than that of XPS follows [3]. Thus, ToF-SIMS 
may be better suited to determine low amounts of protein on surfaces and to provide 
information regarding the molecular composition of the outermost sample surface. The 
group of Wagner and Castner differentiated several proteins by means of their fragmen-
tation pattern [19]. By analyzing single protein film samples and comparing the spectra 
by using principal component analysis (PCA) they could, therefore, identify unknown 
protein samples. Ideally, the amino acid composition of the proteins’ topmost surface or 
even the protein molecule orientation in its adsorbed state may be classified. Tidwell et al. 
found a significant influence of adsorption conditions like protein concentration and 
temperature on the protein fragmentation pattern [17]. Since the shell and the core of a 
protein molecule differ in their amino acid composition, ToF-SIMS analysis might give 
some indication on the degree of denaturation after adsorption.  
The evaluation of ToF-SIMS spectra is challenging due to the abundance of information 
contained in each mass spectrum. For protein films of different qualities, unique identify-
ing peaks are missing. PCA enables to distinguish between samples of similar or different 
properties. Moreover, the selection of crucial signals from the spectra in the course of the 
PCA sample classification may be helpful to judge the condition of the adsorbed protein 
film. PCA has become a standard tool in modern data analysis because it is a simple and 
non-parametric method of extracting relevant information from confusing data sets [20]. 
By definition, it is a linear transformation of data to a new coordinate system. The great-
est variance by any projection of the data is indicated by the first coordinate (the first pri-
ncipal component), the second greatest variance by the second coordinate, and so on [21]. 
With regard to a ToF-SIMS spectrum comprising n peaks, which can be visualized as a 
point in an n-dimensional space, PCA can reduce the dimensionality of the space under 
the retention of a large extent of information of the original data set. Simply spoken, in 
this mathematical transformation, an m x n matrix X (m spectra comprising n integrated 
peak areas) is reduced to the cross product of two transposed matrices, a score matrix T 
and a loading matrix P plus a rest matrix E. The loadings give the relationship between 
the old variables (in our case the integrated peaks) and the new variables (principal com-
ponents), which are depicted as axes in the scores plot. The scores, in turn, give the rela-
tionship between the samples in the new system [22-24].  
In the following ToF-SIMS study, the blank glass vials were investigated in order to ob-
tain detailed information on the surface contamination, which had deposited on the clean 
samples and which has been found to lower the surface free energy (see Chapter 3). Fur-
thermore, ToF-SIMS together with PCA spectra evaluation was applied to discriminate 
between IgG1 layers, which adsorbed on borosilicate glass at three different pH values. In 
this regard, PCA scores and loadings were used to assess differences in the protein surface  
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coverage, and, possibly, in the preferential orientation and the degree of denaturation of 
the adsorbed molecules. However, prior to this, the blank glass surface and the IgG1 
adsorbates on glass were characterized by means of XPS, providing precise quantitative 
information on the elemental surface composition. In all studies, special focus was on 
comparing the surface state and composition of glass vial bottom and wall part, and on 
the impact of potential differences on the adsorption behavior of IgG1.  
 
 
2  MATERIALS AND METHODS 
2.1  Materials 
2.1.1  Protein Formulation  
For adsorption experiments, a 2 mg/ml solution of IgG1 (MW ≈ 152 kDa) in 10 mM 
phosphate buffer and 145 mM NaCl (pH 7.2) was used, which was kindly provided by 
Merck Serono (Darmstadt, Germany). The initial protein solution was dialyzed against 
pure water (pH approx. 6 - 7) or against buffer at pH 4.0 or 8.6, using Pierce Slide-A-
Lyzer 20K MWCO Dialysis Cassettes (Thermo Fisher Scientific, Rockford, IL, USA). The 
ionic strength of each solution was adjusted with NaCl, as described in Chapter 4. Simul-
taneously, the IgG1 concentration was adjusted to 2 mg/ml, controlled by UV spectros-
copy. Each protein solution was filtered through a hydrophilic 0.2 μm polyethersulfone 
membrane filter (Pall GmbH, Dreieich, Germany) before use.  
 
2.1.2  Chemicals / Excipients 
Ultrapure water (0.055 μS/cm) came from a Purelab Plus UV/UF system (ELGA Lab 
Water, Celle, Germany) and was filtrated through a 0.22 μm membrane filter before use. 
NaCl, NaH2PO4 and Na2HPO4 were purchased from Merck Chemicals, Darmstadt, Ger-
many. 1 M NaOH and HCl were obtained from Sigma-Aldrich, Munich, Germany.  
 
2.1.3  Glass Preparation 
Fiolax® 2R borosilicate glass vials, kindly provided by SCHOTT AG (Mainz, Germany), 
were preprocessed (washed and heat sterilized) as described in Chapter 2. Vial bottoms 
were cut off using a DREMEL® 300 series rotary tool (DREMEL Europe, Breda, The Neth-
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erlands) equipped with a rotating diamond cut-off wheel. Stripes of approx. 3 - 4 mm in 
width and 1.5 - 2.0 cm in length were detached from the cylindrical glass wall piece after 
carefully scratching with glass cutter tools. Adherent glass dust was removed by pure 
pressurized nitrogen.  
 
2.2 Methods 
2.2.1 X-Ray Photoelectron Spectroscopy 
XPS analyses were performed on an Axis Nova device (Kratos Analytical, Manchester, 
U.K.) with a monochromatized Al Kα source (hν = 1486.6 eV) at a power of approx. 
150 W. Spectra were recorded applying a pass energy of 160 eV for survey spectra and 
40 eV for high resolution spectra (n = 6, three measuring points on two independent glass 
pieces). For all measurements, the analysis spot size was 400 x 800 μm, the takeoff angle 
90°, and the vacuum below 10-7 mbar. Unwanted charging of the samples was prevented 
by the system’s self-regulating charge neutralizing system, comprising a coaxial low ener-
gy electron source. Curve fitting was performed using the CasaXPS software (Version 
2.3.14). Atomic concentrations were calculated by determining the integral peak intensi-
ties applying a linear background.  
 
2.2.2 Time of Flight Secondary Ion Mass Spectrometry 
Static ToF-SIMS was performed using a ToF-SIMS IV instrument (ION-TOF GmbH, 
Muenster, Germany) equipped with a 30 keV Bi-cluster primary ion source. Charge com-
pensation was applied using a pulsed low-energy electron flood gun. Positive ion SIMS 
spectra were acquired from m/z = 0 to 200 over an area of 100 x 100 μm2. Mass calibration 
was performed on the basis of the peaks of CxHy, 30Si, 69Ga, and 137Ba.  
 
2.2.3 Adsorption Process and Sample Preparation 
Glass pieces from vial bottom and wall were immersed in 10 ml of a 2 mg/ml IgG1 solu-
tion at 25°C for 24 hours in 50 ml round bottom tubes (GreinerBio-One GmbH, Fricken-
hausen, Germany) for both XPS and ToF-SIMS. After the incubation step, the glass bot-
toms were immersed twice in 40 ml blank buffer of the corresponding composition for 
the removal of unbound protein. Afterwards, the bottoms were immersed twice in 40 ml 
ultrapure water for the removal of salts, which would have crystallized on the surface 
upon drying and therefore falsified the spectroscopic results. The glass pieces were dried 
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in a gentle nitrogen flow and were degassed for at least 2 hours at a pressure of 10-6 mbar 
in the pre-vacuum chamber of the respective UHV device. For the sample preparation of 
pure protein, IgG1 (approx. 2 mg/ml) dissolved in water was repeatedly spread on glass 
bottoms and dried in a gentle flow of nitrogen. 
 
2.2.4 Principal Component Analysis  
ToF-SIMS spectra were analyzed and compared with PCA multivariate analysis by using 
Solo 4.2 chemometrics software (Eigenvector Research Inc., Wenatchee, WA, USA). A 
detailed description of PCA in connection with ToF-SIMS data analysis is given by Wag-
ner and Castner [23]. In our studies, a choice of peaks (Table 3) was included in the PCA 
analysis. Na+ peaks were excluded from the PCA analysis because of their pronounced 
intensity. Prior to PCA analysis, peak intensities were normalized within each spectrum 
(sum of the intensities = 1) and preprocessed (mean centered) by the PCA software. The 
“leave one out” procedure was chosen as cross validation model.  
 
 
3 RESULTS AND DISCUSSION 
3.1 XPS Investigations of IgG1, Blank Glass Vials and IgG1 Adsorbates 
XPS investigations of IgG1 adsorbates on borosilicate glass required a detailed characteri-
zation of the pure protein first. An XPS spectrum of the salt free IgG1 is shown in Figure 
1a, and the %-elemental composition is summarized in Table 1. The presence of the 
major elements of proteins N, C, O, and S could be clearly verified, while the quantitative 
results are in agreement with the theoretical elemental composition of the IgG1. The 
deviation from the nominal values for the main elements N, C, and O is not more than 
9%. A high quality of the measurements is further reflected by consistent N : C ratios 
(Table 1). The theoretical elemental composition of the IgG1 was derived from its amino 
acid sequence. In these calculations, an average glycosylation pattern was considered, 
which, at least slightly, affected the proportion of the main elements. The fact that Si was 
only hardly detected in these analyses confirmed the presence of a closed protein layer. 
An evaluation of the IgG1 C 1s high resolution spectrum provides detailed information 
on the carbon species of different chemical state, as well as their typical proportion within 
the protein. As stated above, in proteins three main carbon species can be differentiated, 
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Figure 1: Exemplary (a) XPS survey spectrum and (b) C 1s high resolution spectrum of pure 
salt-free IgG1 spread on the blank glass surface; carbon species analyzed by peak deconvolu-
tion.  
 
namely the aliphatic species (C–C / C–H) at 285.0 eV, the amine or oxygen-bound carbon 
species (C–N / C–O) at 286.5 eV, and the amide carbon species (N–C=O), shifted to 
higher binding energies at 288.2 eV. In Figure 1b, C1s peak deconvolution reveals a num-
ber of three distinct peaks accounting for the three carbon species. The percentage of each 
class was determined by peak integration. The results are summarized in Table 2. The 
characteristic proportion of the carbon species of the pure IgG1 enables to differentiate 
IgG1 from other organic substances. The most characteristic species for IgG1 as a protein 
are the amide carbons, which amount to approx. 25% related to total carbon. With regard 
to the entirety of all elements, the IgG1 consists of approx. 15 - 16% amide carbons.  
Subsequently, the inner surface of the blank glass vials was analyzed with XPS. By this 
means, information on the elemental composition of the outermost glass surface layers 
was obtained, which the proteins face upon adsorption. Figure 2a shows an XPS survey 
spectrum of a wall piece sample from a washed and heat sterilized glass vial. Obviously, 
all major glass bulk elements were qualitatively detected, with Si and O as the main ingre-
dients. The quantitative elemental composition of the sample is summarized in Table 1. 
The results of the glass surface reflect the theoretical elemental composition of the glass 
bulk, calculated from the borosilicate glass components [25], but the numbers are not 
identical. With XPS, a decreased sodium and boron content was measured, for both wall 
and bottom, than theoretically expected. The results for aluminum and calcium are less 
unequivocal. Differences between the elemental surface composition of the glass vial and 
the theoretical bulk composition, on the one hand, may be due to corrosion effects (see 
Chapter 3), e.g. in contact with liquids or humidity during washing or storage. On the 
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Table 1: Quantitative elemental composition of different sample surfaces determined by XPS.  
Sample %N %C %O %S %Si %Na %B %Al %Ca  N:C N:Si
       
Pure IgG1a 16.6 62.9 20.1 0.4   0.0      0.26  
Pure IgG1 15.9 65.0 18.4 0.3   0.4      0.24  
             
             
pH 4 bottom 9.3 37.1 37.9  14.4 0.2  1.0 0.1  0.25 0.65 
pH 4 wall 9.9 39.9 36.6  12.2 0.1  1.2 0.1  0.25 0.81 
pH 7.2 bottom 3.0 13.7 57.2  23.1 1.1  1.8 0.1  0.22 0.13 
pH 7.2 wall 5.3 21.8 51.4  16.9 1.7  2.8 0.1  0.24 0.31 
pH 8.6 bottom 1.1 7.0 63.0  25.4 1.2  2.1 0.1  0.16 0.04 
pH 8.6 wall 2.0 14.3 57.8  19.4 2.5  3.9 0.1  0.14 0.10 
             
             
Glass bulkb  0.0 0.0 63.2  26.2 4.7 3.8 1.2 0.8    
Glass bottom 0.5 4.5 65.7  26.5 1.1 0.3 1.3 0.2  0.11 0.02 
Glass wall 0.7 8.1 63.1  20.5 1.3 2.7 2.3 1.2  0.09 0.03 
       
a calculated from the theoretical amino acid composition including an average glycosylation pattern 
b calculated from the theoretical glass composition taken from [25] 
 
 
Table 2: Fractions of different carbon species related to total carbon, received from C1s XPS 
high resolution spectra through peak deconvolution.  
Sample % N–C=O % C–O % CH2  % N–C=Oa  
       
Pure IgG1 bulk 24.2 33.8 42.1  15.7   
             
             
pH 4 bottom 24.0 32.5 43.5  8.9  
pH 4 wall 23.6 33.2 43.2  9.4  
pH 7.2 bottom 20.3 30.5 49.2  2.8  
pH 7.2 wall 21.4 31.4 47.2  4.7  
pH 8.6 bottom 12.5 27.2 60.3  0.9  
pH 8.6 wall 8.3  28.1 63.6  1.2  
             
             
Glass bottom 4.1  24.7 71.2  0.2  
Glass wall 6.4  26.7 66.9  0.5  
        
a amide carbon content referred to the entirety of all elements of the measured samples  
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Figure 2: Exemplary (a) XPS survey spectrum and (b) C 1s high resolution spectrum of the 
blank washed and heat sterilized glass surface.  
 
other hand, such differences may be attributed to a high temperature evaporation of vola-
tile glass components during the hot-forming process (see below). A further comparison 
of blank vial bottom and wall surfaces revealed differences in their elemental composition. 
In this regard, a lower content of network modifiers (alkali or alkaline earth elements) 
and of the network former boron was measured for the vial bottom. This decrease of 
those additional glass components is associated with an increase in the surface concentra-
tion of silicon of the glass vial bottom. Such differences in the chemical surface composi-
tion of vial bottom and wall are well known [26]. As shown by Schwarzenbach et al. [27], 
we assume that the high temperatures around 1200°C during the molding process caused 
alkali diffusion to the surface. These alkali salts subsequently dissolved during the vial 
washing step. Hence, the above results reveal that a significant difference in surface chem-
istry of vial bottom and wall exists, which may be accompanied by differences in the ad-
sorption behavior of proteins.  
In Chapter 3, the occurrence of glass surface contamination was described, which caused 
a decrease in the surface free energy for stored vials when compared with the thoroughly 
cleaned samples. Unspecific contamination of glass usually involves the deposition of 
carbon and nitrogen from the atmosphere [27]. As expected, XPS measurements on the 
borosilicate glass samples confirmed an appreciable carbon and a minor nitrogen fraction 
on the surface. Such compounds were also observed in ToF-SIMS surface analysis (see 
Chapter 3). Quantification with XPS revealed twice as much contamination on the vial 
wall than on the bottom. C1s high resolution spectra of blank glass surfaces were record-
ed (Figure 2b) to specify the kind and origin of the deposited material. The %-contents 
are again summarized in Table 2. This closer investigation revealed mainly aliphatic (C–C 
/ C–H), as well as nitrogen or oxygen bound carbon species (C–N / C–O). In contrast to 
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the situation of pure IgG1 (Figure 1b), where the fraction of amide carbon species in the 
C1s signal amounted to approx. 25%, it was only a share of 4 - 6% of the total carbon on 
the blank glass sample. Thus, a proteinaceous origin of the contaminating material can be 
largely excluded, which also corresponds to previous ToF-SIMS results (see Chapter 3).  
The effect of surface contamination on the amount of adsorbed IgG1 was already dis-
cussed in the context of a decrease in surface free energy (see Chapter 3). There, the 
average protein adsorption over the whole container surface was analyzed by means of 
SDS desorption. In contrast, XPS was applied here to quantify glass bound protein in a 
direct manner. Thus, XPS represents another way to corroborate the indirectly obtained 
quantification results. Besides, XPS offers the possibility of space resolved measurements 
along with the ability to compare adsorption at different locations within the vial. With 
XPS, the protein mass can be inferred from the total nitrogen content. With regard to an 
ideal glass substrate, nitrogen is significant for the organic adsorbate. However, borosili-
cate glass vial samples were shown to carry some nitrogen-containing contamination. We 
rather took the ratio of N1s/Si2p for a more precise quantification of adsorbed protein, 
since Si was exclusively present in the glass surface and was increasingly attenuated with 
the mass of bound protein. On the contrary, it has to be noted that the protein mass may 
be overestimated by large amounts of contaminating material, since the Si signal would 
thereby be increasingly reduced.  
In the following, the amount of IgG1 on glass wall and bottom samples, adsorbed at 
different pH, is compared. The XPS elemental surface concentrations of the pH 4.0, 7.2, 
and 8.6 samples are summarized in Table 1. For all samples, the nitrogen content of the 
pure protein bulk (15.9%) was not reached, since the underlying glass surface contributed 
to the XPS signal. This circumstance points to the presence of a non-closed (inhomogene-
ous) protein layer or a layer thickness below the XPS information depth of approx. 100 Å. 
The visualization of dried IgG1 adsorbates by atomic force microscopy (AFM) confirmed 
both issues (Chapter 7). Due to concerns of the validity of protein quantification results 
by means of the N1s to Si2p ratio with respect to the prevalent surface contamination, an 
alternative approach was applied. For checking purposes, the adsorption of IgG1 was 
monitored by means of the absolute amide carbon content. The amide carbon species was 
shown to be only scarcely present (approx. 0.2 - 0.5%) on the blank glass surface, includ-
ing contamination. Table 2 depicts the amide carbon fraction referred to the entirety of 
surface elements, which correlates well with the N1s/Si2p ratio. In Figure 3a, the adsorbed 
IgG1 amount on both glass bottom and wall is graphically depicted for different adsorp-
tion pH values on the basis of the N1s/Si2p intensity ratios. With respect to the entire 
glass vial, the mean adsorbed protein mass was found to be highest for IgG1 at pH 4.0, 
followed by pH 7.2 and 8.6, reflecting decreasing amounts of protein on the glass with 
increasing incubation pH. The same trend could be shown by SDS desorption quantifica- 
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Figure 3: (a) Adsorbed IgG1 on separate borosilicate glass vial parts derived from the XPS 
N1s/Si2p intensity ratio (n = 6).  (b) Adsorbed amount of IgG1 on separate vial bottoms and 
cylindrical walls part determined by SDS desorption assay (n = 3); in both cases 24 h adsorp-
tion at I = 170 mM.  
 
tion within this pH range (see Chapter 4). Furthermore, it becomes apparent that a higher 
amount of IgG1 adsorbed on the cylindrical vial part and less on the vial bottom. This 
tendency becomes apparent from the N1s (400.1 eV) (Table 1) and amide carbon (288.2 
eV) intensities (Table 2). The differences between bottom and wall are not very pro-
nounced at pH 4.0, where the total protein load on the surface is high. However, at pH 7.2 
and 8.6, the amount of protein on the wall becomes approx. twice as high as it was on the 
bottom. In order to confirm the validity of these striking results, the established SDS de-
sorption quantification approach of IgG1 was applied to separate vial bottoms and walls. 
For this purpose, IgG1 was adsorbed on the vial inside and after the removal of unbound 
protein, the vial parts were separated. The averaged IgG1 surface concentration over the 
surface area of vial bottoms or walls is depicted in Figure 3b. The XPS results could be 
confirmed nicely. Possibly, deviations in the chemical glass surface composition of bot-
tom and wall, such as a variable content of network modifiers of the outermost glass sur-
face or a variable degree of surface contamination, were decisive for differences in IgG1 
adsorption. Both instances could be proven by XPS analysis for vial bottom and wall (see 
Table 1). It is remarkable that the values for IgG1 adsorption on the vial wall show a 
higher variability than it is the case for the vial bottom, as can be seen from the standard 
deviations. This circumstance may be caused by the marked chemical and/or sterical in-
homogeneity of the cylindrical part, resulting in different zones [28].  
According to Wagner et al., the thickness of adsorbed protein layers can be estimated by 
applying the Beer-Lambert model on XPS data [9]. Accordingly, a linear relationship 
between the ln(N1s/Si2p) and the thickness of the protein layer exists. Figure 4 depicts the  
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Figure 4: Relative (left ordinate) and approximated absolute IgG1 layer thickness (right ordi-
nate) on vial bottom and wall after adsorption at different pH values.  
 
alleged IgG1 layer thickness adsorbed at different pH, related to the blank glass surface 
and to the pure protein sample of an estimated finite thickness. Based on the assumption 
of a homogeneous layer structure, the relative layer thickness is aligned with the results 
for the protein content determined on the glass surface. At pH 8.6 and 7.2, a higher pro-
tein film thickness on the vial wall than on the vial bottom becomes apparent. The abso-
lute IgG1 layer thickness can be approximated by equating the blank glass surface with a 
thickness of zero and putting the thickness of the pure protein layer on a level with the 
XPS information depth of around 100 Å [29]. This assignment is justified by the fact that 
the bulk protein sample still featured a Si signal from the underlying glass surface, which 
was, however, extremely weak. Furthermore, the above information depth of 100 Å can be 
assumed as a realistic value for the upper protein layer thickness, considering inelastic 
mean free paths (IMFPs) of N-derived or Si-derived electrons in organic compounds. 
Representative IMFP values in layers of bovine plasma albumin (BPA) were calculated by 
Tanuma et al. [30]. Taking all above assumptions into account, the mean layer thickness 
of dried IgG1 on borosilicate glass ranges between approx. 1.1 nm (bottom, pH 8.6) and 
approx. 4.9 nm (wall, pH 4.0). Furthermore, the mean layer thickness of IgG1 adsorbed 
on vial bottom at pH 7.2 is estimated to 2.5 nm. With regard to the latter value, AFM 
measurements on an equivalent sample revealed only the half of this layer thickness (see 
Chapter 7). A potential imprecision arises from the data of the pure bulk protein sample, 
since small variations in the residual Si2p peak intensity seriously affect the approxima-
tion. However, irrespective of the absolute precision of the determination, the result of 
the XPS layer thickness approximation points to structural alterations of adsorbed pro-
teins. There is a discrepancy between the smallest dimension of the IgG1 (6.9 nm), deter-
mined from the crystal structure, and the apparent thickness of the dry protein layer. 
Thus, one may assume that molecules either considerably shrunk or spread on the glass. 
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It has been pointed out that vacuum conditions and dehydration effects alter the protein 
structure, for example towards the formation of a reticulation, which is not at all compa-
rable with the situation of natively adsorbed protein [31]. From this point of view, it is 
difficult or even impossible to draw conclusions on the preferential orientation of dried 
adsorbed IgG1 on glass. It has been described that the native film structure could be 
retained in ultrahigh vacuum by applying a preceding freeze drying technique, or by 
trehalose coating [31,32]. From this, the impact of the drying step on the protein film 
thickness could be evaluated. For IgG1 on borosilicate glass, the differences in layer thick-
ness between the native and the dried IgG1 adsorbates were investigated with the aid of 
AFM measurements, as described in Chapter 7.  
The protein film thickness calculations were based on a number of assumptions. More 
precise information on the layer thickness can be received from XPS data determined at 
different take-off angles, as performed by Ferrari and Ratner [11]. For instance, they 
measured a layer thickness of approx. 4 nm for albumin adsorbed on hexafluoropropyl-
ene. Another way of determining the thickness of protein adsorbates has been described 
by Fitzpatrick et al., who applied energy-resolved depth profiling and obtained the thick-
ness of concanavalin A on mica to 2.8 nm [2]. Despite the fact that both studies investi-
gated different proteins and surfaces, the findings are in the same range as our results. 
Moreover, different evaluation models (tower or layer model) for the characterization of 
protein surface coverage by XPS have been described by Ganz, who investigated the pro-
tein deposition of rhIL-11 on different carriers after spray drying [33]. Especially the 
tower model may allow more precise information on inhomogeneous protein structures. 
However, in the scope of this work, for the sake of simplicity, investigations on protein 
layers were limited to quantification assuming a closed and uniform occupation. Thus, it 
could be shown that XPS is a sensitive tool for analyzing protein - surface effects and is 
capable to, at least, approximate the adsorbed protein content on different vial locations. 
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3.2 ToF-SIMS Investigations of IgG1, Blank Glass, and IgG1 Adsorbates 
A deeper insight into the molecular composition of the above discussed sample surfaces 
was expected from static ToF-SIMS analyses. Especially the blank glass surface and the 
nature of its organic contamination were to be further characterized. Moreover, protein 
layers adsorbed on glass vial bottom or wall at different pH values, comprising a different 
extent of surface coverage, should be compared by means of their spectra composition. As 
mentioned introductorily, not only a differentiation by means of the adsorbed protein 
quantity, but also conclusions on the orientation or potentially, the degree of denatur-
ation of the adsorbed molecules was expected from ToF-SIMS measurements. In this 
context, the evaluation involved the consideration of single mass spectra, as well as the 
application of principal component analysis as an aid to compare a plethora of sample 
spectra at a time.  
Initially, the surface of the washed and heat sterilized blank glass vials was characterized. 
Figure 5a depicts a positive ion spectrum from the glass vial wall inside. As presumed 
from the outcome of previous contact angle measurements (Chapter 3), and expected 
from XPS results, ion fragments of organic origin were detected besides the characteristic 
glass components. These ion fragments comprised pure hydrocarbons as well as nitrogen 
and oxygen-containing species. Although ToF-SIMS theoretically allows the identifica-
tion of a particular contaminating source, our search did not provide a unique contami-
nating species. A number of peaks characteristically points to the presence of proteina-
ceous contamination (NH4+, C3H8NO+ (Thr), C5H11N4+ (Arg) and C9H8N+ (Trp)) (see 
Table 3), whose origin remains unclear. XPS results demonstrated that the vial inner sur-
face contamination exhibits low nitrogen content and is therefore, for the most part, not 
attributable to proteins. In Figure 5a, moreover, a high content of the CmHn+ ion type is 
present. From our point of view, this is an evidence for unspecific hydrocarbon deposi-
tion, which settled on the glass samples from the air in the timeframe between prepara-
tion and measurement. In his paper, Benninghoven mentioned spectra of air-stored 
samples which were dominated by high intensity peaks arising from hydrocarbon con-
tamination [16]. Another potential source of vial contamination might have been traces 
of residual cleaning agents or silicone compounds released from hoses of the vial washing 
machine. In addition, traces of paraffinic oil based lubricants, used as releasing agents in 
the production process of polypropylene containers [34], could have deposited on the 
glass surface and contributed to the overall surface contamination. Such containers were 
applied for example for sample transport and short term storage.  
As an example for a pure protein fragmentation pattern, the ToF-SIMS spectrum of IgG1 
adsorbed on the glass surface at pH 4.0 is depicted in Figure 5b. It reveals peaks of almost 
exclusively organic origin, with a lack of typical glass components, indicating a continu- 
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Figure 5: Positive ion ToF-SIMS spectra of (a) blank glass wall surface and (b) IgG1 adsorbed at 
pH 4.0 on the glass vial wall surface.  
 
ous surface-covering protein layer. The share of unspecific hydrocarbon fragments ex-
pectably decreased. Moreover, in contrast to the application of a Ga+ primary ion source 
(data not shown), the fragment size distribution is significantly shifted for the benefit of 
larger size fragments.  
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Subsequently, the influence of the IgG1 solution pH on the quality and the quantity of the 
adsorbed protein film on glass vial wall and bottom was investigated with ToF-SIMS on 
the basis of the fragmentation pattern and the ratio of organic to inorganic secondary ion 
species. As already stated, the complexity of ToF-SIMS spectra makes it hard to identify 
the significant differences between the samples. For this reason, principal component 
analysis was applied. A number of 52 positive ion species were therefore chosen from the 
spectra, to which the PCA analysis was confined in the following. These ion species were 
separated into the four groups “glass”, “unspecific hydrocarbon”, “unspecific proteina-
ceous”, and “amino acids”. Regarding the latter, at least one specific peak was ascribed to 
 
Table 3: Positive ion species selected for principal component analysis; peaks were assigned to a 
collecting group or one characteristic amino acid.  
Source Fragment (m/z) PCA variable No. 
Glass 7: Li+, 11: B+, 24: Mg+, 27: Al+, 28: Si+, 39: K+,  
40: Ca+, 45: SiOH+, 48: Ti+, 138: Ba+ 
1-10 
 
Unspecific hydrocarbon 15: CH3+, 27: C2H3+, 29: C2H5+, 41: C3H5+,  
43: C3H7+, 55: C4H7+, 57: C4H9+, 67: C5H7+ 
11-18 
 
Unspecific proteinaceous 18: NH4+, 19: H3O+, 28: CH2N+, (71: C4H9N+) 19-21; (24) 
Alanine (Ala) 44: C2H6N+ 26 
Arginine (Arg) 100: C4H10N3+, 101: C4H11N3+, 127: C5H11N4+ 41; 43; 49 
Asparagine (Asn) 70: C3H4NO+ 22 
Aspartic acid (Asp) 88: C3H6NO2+ 47 
Cysteine (Cys) 76: C2H6SN+ 52 
Glutamine (Gln) 84: C4H6NO+ 34 
Glutamic acid (Glu) 102: C4H8NO2+ 45 
Glycine (Gly) 30: CH4N+ 25 
Histidine (His) 81: C4H5N2+, 110: C5H8N3+  39; 32 
Isoleucine (Ile) 86: C5H12N+ 30 
Leucine (Leu) 86: C5H12N+ 30 
Lysine (Lys) 84: C5H10N+ 28 
Methionine (Met) 61: C2H5S+ 51 
Phenylalanine (Phe) 120: C8H10N+, 131:C9H7O+ 36; 44 
Proline (Pro)a 68: C4H6N+, 70: C4H8N+ 33; 23 
Serine (Ser) 60: C2H6NO+, 71: C3H3O2+ 29; 46 
Threonine (Thr) 69: C4H5O+, 74: C3H8NO+ 31; 35 
Tryptophane (Trp) 130: C9H8N+, 159: C10H11N2+, 170: C11H8NO+ 37; 48; 50 
Tyrosine (Tyr) 107: C7H7O+, 136: C8H10NO+ 42; 40 
Valine (Val) 72: C4H10N+, 83: C5H7O+ 27; 38 
a The peak m/z = 70 contains contribution from several amino acids (see text for further elucidation)  
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each of the 20 amino acids. The peak list of all 52 fragments together with the amino acid 
attribution is shown in Table 3. A consecutive PCA variable number was assigned to each 
ion species. The classification of ToF-SIMS peaks to their main characteristic amino acid 
was performed according to Lhoest et al. and Wagner et al., who selected the most intense 
peak out of the respective poly(amino acid) spectrum for this purpose [7,19]. However, 
they also emphasized that care must be taken in establishing such an assignment, since 
influencing effects of different adjacent amino acids on the fragmentation pattern are 
therefore not considered. Hence, one major peak for an amino acid could be character-
istic of another one. Moreover, the fragments of leucine and isoleucine, for example, 
cannot be unambiguously distinguished because of their isomeric molecular structure. 
However, despite apparent concerns, such a peak assignment has often been applied and 
proven to give rise to meaningful results [7,15,32,35].  
In the first PCA approach, spectra of the blank glass surface were compared with protein 
adsorbates at different solution pH (4.0, 7.2, and 8.6) and with the pure IgG1 spread on 
the glass. The scores plot (Figure 6) illustrates the differences in the sample spectra. First 
of all, it becomes obvious that more than 95% of the total variance in the system is cap- 
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Figure 6: Scores plot from principal component analysis of glass vial bottom (circles) and wall 
(squares) with adsorbed IgG1 at pH 4.0 (light red), pH 7.2 (yellow), and pH 8.6 (green) apply-
ing all fragments of the peak list (Table 3); pure protein bulk samples (dark red triangles) and 
the blank glass surface (blue) are included in the plot; ellipses indicate the 95% confidence 
limit for the particular group with regard to PC 1 and PC 2. 
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tured by the first two principal components (PCs). The differences are for the predomi-
nant part described by the first (93%), and to a much lesser part described by the second 
principal component (3%). At first glance, the extent of the protein coverage is apparently 
indicated by PC1. According to the results of various adsorption quantification approach-
es, the spectra are the further apart from each other, the more pronounced the differences 
in the adsorbed protein mass are. The coincidence of the protein bulk spectra and the 
spectra of pH 4.0 adsorbed IgG1 again points towards a fully covered surface of the latter 
sample, as already indicated by the absence of glass components in its native ToF-SIMS 
spectrum (Figure 5b). Moreover, the spectra of those samples which exhibit a highly pro-
tein covered surface, e.g. the pure protein bulk as well as protein adsorbed from pH 4.0 
and pH 7.2, are accumulated in a closely confined area with a low variance on both PC1 
and PC2. Accordingly, it is not of concern whether IgG1 was adsorbed on the glass bot-
tom or the glass wall. In contrast, the scores of samples with a sparsely protein covered 
surface (pH 8.6) and the blank glass surface show an increased variance on PC2. In this 
regard, the overlap of the confidence limits indicates that the spectra of the pH 8.6 incu-
bated vial bottoms are no longer significantly distinguishable from the spectra of the 
blank glass. This similarity is further substantiated by the poor protein coverage and the 
small layer thickness of the same samples, obtained by XPS (Figures 3 and 4).  
Further information on the crucial ion species is received from the corresponding loading 
plots of PC1 and PC2 (Figures 7 and 8). Peaks with the highest loadings also exhibit the 
highest variance, because the principal components capture the directions of the greatest 
variation in the data. Spectra with negative scores on PC1 (e.g. the dense protein adsor-
bates) have comparatively more intense peaks at, for example, m/z = 70 (proline). In con-
trast, spectra with positive scores on PC1 (the blank glass samples) have comparatively 
more intense peaks of glass components (e.g. Al+, Si+, and Ca+) or even more of hydro-
carbon components from the overlying organic glass contamination (e.g. C2H5+, C3H5+, 
C4H9+, and others). Strikingly, there is a separation of glass surface related inorganic and 
hydrocarbon fragments (positive loadings) and protein derived nitrogen containing or-
ganic fragments (negative loadings) on PC1, which corroborates the decisive role of PC1 
with regard to the adsorbed protein quantity. The fact that almost exclusively nitrogen 
free fragments are associated with the blank glass surface spectra again underlines the 
marginal importance of proteins with regard to the unspecific surface contamination. On 
the part of the blank glass surface, no individual prominent peak was recognized, whereas 
on the part of protein fragments the proline associated fragment m/z = 70 (C4H8N+) was 
striking. The fact that the unspecific proteinaceous fragments, like NH4+ or CH2N+, hold 
lower loadings than the larger fragments indicates that the latter play the major role in the 
differentiation of the blank glass surface and the adsorbed protein.  
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Figure 7: Loadings on PC1; most conspicuous peaks are labeled with the associated ion or the 
attributed amino acid. 
 
It is apparent from Figure 6 that, as long as the glass surface is densely covered with pro-
tein, the spectra are not separated on PC2, but the higher the glass fraction on the surface 
is, the higher becomes the divergence. Thus, the differences in the underground surface 
state, namely the glass surface composition and the degree of contamination, are indi-
cated, whereas the protein coverage itself seems to be virtually homogeneous within the 
scope of this evaluation. The peaks that contribute to this separation on PC2 are Al+ and 
K+ (positive loadings), on the one hand, and Si+/SiOH+, NH4+, fragments of the small resi-
dues glycine, and alanine as well as the unspecific organic fragments (negative loadings), 
on the other hand (Figure 8). The above correlation applies for the spectra of the blank 
vial bottoms (blue circles), which exclusively hold negative scores on PC2. Vial bottoms 
have previously shown to exhibit a higher silicon content than the vial wall part (Table 1). 
Spectra of the cylindrical part of the blank vials, however, are indifferent with regard to 
their scores on PC2. In contrast, less organic surface contamination was detected on bot-
toms with XPS, which disagrees with the results of PC2 on the loading plot. At least for 
the vial wall samples, which show positive and negative scores on PC2, a serious differ-
ence in the glass surface composition and/or the degree of contamination is plausible.  
It can be concluded that by means of ToF-SIMS measurements together with PCA, differ-
ences in the IgG1 surface coverage on the borosilicate glass surface, as well as differences 
regarding the glass substrate itself could be identified. A further initial objective of using 
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Figure 8: Loadings on PC2; most conspicuous peaks are labeled with the associated ion or the 
attributed amino acid. 
 
ToF-SIMS was the investigation of the topmost area of adsorbed IgG1 with regard to dif-
ferences in the amino acid composition and potential information on e.g. the degree of 
protein denaturation. Therefore, a new PCA approach exclusively considered the amino 
acid associated peaks (see Table 3). The resulting scores plot (Figure 9) exhibits some 
marked parallels to the above model. The ratio of PC1 to PC2 is similar to that of the first 
model, as the first principal component covers the vast majority (> 95%) of the system’s 
variance. The differences between bottom and wall spectra for samples of the same 
incubation condition are not significant, since the confidence ellipses of both overlap 
throughout. Neither is a pronounced difference observed between the pure protein bulk 
and the protein layers adsorbed at pH 4.0, which therefore indicates a similar nature of 
the topmost molecules of both adsorbates. The distinct separation of the samples on PC1 
in the order pH 4.0, pH 7.2, and pH 8.6 is in correlation to the previous model. However, 
this spectra separation result is based on the processing of protein related ion fragments 
only and consequently attributable to the amino acid composition of the topmost protein 
domain. Hence, differences therein may indicate a different orientation of the adsorbed 
molecules and/or a variable extent of protein unfolding upon adsorption with regard to 
the incubation pH. In previous work of Lassen and Malmsten, the orientation of adsorbed 
proteins within a monolayer has been found to change with the degree of surface cover-
age [36]. The orientation of adsorbed molecules may also change in the course of multi- 
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Figure 9: Scores plot from principal component analysis of glass vial bottom (circles) and wall 
(squares) with adsorbed IgG1 at pH 4.0 (light red), pH 7.2 (yellow) and pH 8.6 (green) on the 
basis of fragments associated with characteristic amino acid exclusively (Table 3 fragment no. 
22-23; 25-52); pure protein bulk samples (dark red triangles) are included; ellipses indicate the 
95% confidence limit for the particular group with regard to PC 1 and PC 2. 
 
layer formation of antibodies at higher solution concentrations [37]. Since in our case, 
different pH values are associated with a varying degree of surface coverage, the evidence 
of an orientation change by means of the ToF-SIMS results seems probable. However, 
changes in antibody orientation cannot be clearly distinguished from pronounced protein 
unfolding. It is further outlined in Chapter 7 that different protein coverage rates and, 
thus, a varying proportion of antibody in contact to the glass can be associated with a dif-
ferent degree of instability. This means the glass surface itself could have had a significant 
stabilizing or destabilizing effect on the protein structure, which is reflected by the separa-
tion on PC1. Furthermore, IgG1 stability in solutions of different pH has to be considered 
as well (see Chapter 7). It also has to be taken into account that protein peak intensities in 
ToF-SIMS can be affected by a matrix effect, induced by the underlying substrate, which 
has been found to be most pronounced at lowest protein surface concentrations [11].  
The loading plots, which outline the contribution of any peak to the separation on each 
principal component, might further indicate whether protein denaturation was involved. 
In the native conformation, the hydrophilic amino acids are preferentially located in the 
exterior of the protein molecule, where they interact with the aqueous environment. Con-
versely, hydrophobic amino acids are buried in the protein core, where they are mostly 
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shielded from water contact. Thus, an increased contribution of either hydrophilic or hy-
drophobic amino acids to the spectra might give some indication of denaturation.  
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Figure 10: Loadings on (a) PC1 and (b) PC2 of the protein characteristic amino acid PCA plot 
(Figure 9); most conspicuous peaks are labeled with the attributed amino acid.  
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The peak m/z = 70 (C4H8N+) highly contributes to the separation of the spectra on PC1 
(Figure 10a). The associated amino acid proline, which often occurs at turns in the poly-
peptide chain, is basically nonpolar, but does not occur in the interior of proteins as 
frequently as, for example, leucine or valine [38]. With regard to the mean solvent acces-
sibility data of the IgG1 amino acid residues (Table 4), proline provides an average mid-
level to low solvent accessibility. This implies that it is, by tendency, rather located in the 
interior of the protein, but is in so far not exclusively indicative of the hydrophobic pro-
tein core. The only peak with a negative loading on PC1 is m/z = 127 (C5H11N4+), indica-
tive of arginine. As a charged amino acid, it is located in the exterior of the IgG1 and ex-
hibits a high solvent accessibility (Table 4). With the exclusive consideration of these two 
amino acids and the assumption that the scores reflect the amino acid composition of the 
 
Table 4: Mean solvent accessibility of amino acid residues in the IgG1, obtained from the IgG1 
crystal structure by the DSSP program [39]; IgG1 amino acid composition determined by the 
European Molecular Biology Open Software Suite (EMBOSS) [40].  
 Amino acid 
 
Mean solvent  
accessibility (%)a 
IgG1 composition  
(mole %) 
 Cys 41.7  2.4  
 Lys 36.2  6.5  
 Arg 34.3  2.7  
 Asn 31.2  5.0  
 Glu 31.1  4.8  
 Gln 27.8  4.8  
 Asp 24.1  3.8  
 Ser 20.3  13.3  
 His 19.9  2.0  
 Thr 19.6  7.8  
 Pro 19.1  6.8  
 Tyr 18.6  4.2  
 Gly 14.1  6.2  
 Met 13.0  0.6  
 Ala 11.0  4.4  
 Leu/Ile 10.6  10.6  
 Phe 7.9  3.5  
 Trp 7.7  1.8  
 Val 7.7  8.7  
 a related to the highest solvent accessibility value occurring in the IgG1  
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upmost protein layer, molecules without glass contact seem to expose rather their hydro-
phobic interior. IgG1 adsorbed at higher pH associated with a low surface coverage by 
contrast exhibits a more hydrophilic protein surface, which accordingly reflects a rather 
native like IgG1 molecule. However, considering all seven ion species with highest posi-
tive loadings on PC1 (highlighted in Table 4), no prevalence of the associated amino acids 
with regard to their solvent accessibility can be deduced.  
Also, other authors reported a high loading of the peak m/z = 70 in their PCA studies of 
adsorbed protein [32]. They mentioned that other amino acids (Arg, Leu, and Lys) had 
spectra with similar intensities of this peak and a unique attribution of this peak to leu-
cine would not be reasonable. They further concluded that the peak m/z = 70 could there-
fore represent e.g. the heterogeneity of the surface concentration of adsorbed protein 
molecules. Our consideration of the peaks showing high positive or negative loadings on 
PC2 (Figure 10b) did not reveal any correlation with the solvent accessibility of amino 
acids or with their frequency in the IgG1 molecule. It is remarkable that exclusively small 
residues (proline, glycine, and alanine) exhibit high positive loadings on PC2. However, a 
meaningful conclusion could not be drawn from this result.  
With regard to the attempt of investigating the orientation and/or the degree of denatur-
ation of adsorbed IgG1 on the glass surface, two further issues must be discussed. The 
sample preparation preceding the ToF-SIMS analysis necessarily involves a water rinsing 
step to avoid buffer salt crystallization in the course of drying. The aqueous medium com-
prising a low permittivity leads to increased intermolecular and intramolecular electro-
static repulsive or attractive forces, which can readily cause changes within the three 
dimensional structure of the proteins. Beyond that, the drying step itself was shown to 
induce structural alterations along with a significant loss of functionality [32]. We ob-
served more dramatic reorganizations in terms of unfolding by AFM film thickness deter-
minations of dry films, which revealed values of only around 1 nm (see Chapter 7). This 
corresponds to a film thickness of only about 15%, referred to the narrowest dimension of 
the native hydrated molecule (based on the crystal structure data). Accordingly, the fact 
that one cannot proceed from the assumption of an intact molecule complicates the inter-
pretation of ToF-SIMS results.  
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4 CONCLUSIONS 
With the aid of the sensitive spectroscopic methods XPS and ToF-SIMS, a number of new 
insights in the chemical state of the glass substrate and the adsorbed protein layers could 
be achieved. Via XPS, first the chemical composition of the glass surface was found to dif-
fer from the theoretical composition of the bulk, which is ascribed to the manufacturing 
process or to a pronounced corrosion or leaching process. Moreover, substantial organic 
contamination was detected on the blank glass vials. A larger amount of contamination 
was found on the vial wall than on the vial bottom. A low nitrogen signal and an insuffi-
ciently high amide carbon fraction indicate a non-proteinaceous origin. ToF-SIMS analy-
ses confirmed the presence of hydrocarbon compounds on the blank glass substrate, but a 
particular contaminating source could not be identified. With regard to adsorbed protein 
layers, XPS has shown to be well suited for quantifying adsorbed IgG1 on the glass sam-
ples. One advantage over other methods which have previously been established in the 
scope of this thesis, e.g. eluting with surfactant or acid, was the capability of a direct quan-
tification on the surface avoiding a desorption step. Another advantage of spectroscopic 
surface examination was the general ability of performing localized measurements. 
Therefore, increased surface contamination on the vial wall when compared with the vial 
bottom was seen. Additionally, the adsorbed IgG1 quantities on the vial wall turned out 
to be increased as well, which was confirmed by separately investigating both sections 
with the validated SDS desorption quantification. This observation corresponds with the 
findings described in Chapter 3, where a direct correlation between a decrease in surface 
free energy and an increase of IgG1 adsorption was described. The increased adsorption 
tendency on the vial wall was found to be independent of the incubation pH value. This 
leads to the conclusion that the increased adsorption tendency is not attributable to ionic 
interactions between glass and protein, therefore less likely due to differences in the glass 
surface composition, but in all probability due to increased hydrophobic interactions 
between protein molecules and the organic contamination. Finally, XPS allowed an esti-
mation of the thickness of dried protein layers. The values reached from approx. 1.1 nm 
(bottom, pH 8.6) to approx. 4.9 nm (wall, pH 4.0). Principal component analysis turned 
out to be most helpful for the simultaneous comparison of an increased number of ToF-
SIMS spectra. With the aid of PCA, the investigated protein samples could be classified by 
means of the pH value of incubation, as well as the extent of surface coverage. The exclu-
sive consideration of protein derived ion fragments revealed differences in the fragmenta-
tion pattern of the protein adsorbates, but the particular reason for this could not be 
unambiguously clarified. These differences may be attributed to a difference in molecular 
orientation, to a varying degree of denaturation of the adsorbed molecules, or to an influ-
encing matrix effect, caused by a variable fraction of bare glass underground. In ToF-
SIMS, protein adsorbates at pH 4.0 (the pH of maximum adsorption) behaved identical to 
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the pure protein bulk. This, in turn, proved a closed protein layer for the pH 4.0 samples. 
Increasing the incubation pH to 7.2 and 8.6 led to an increased glass surface fraction vi-
sible in ToF-SIMS. Although fundamental statements were expected from the corre-
sponding loading plots of the PCA models, the determination of a preferential molecular 
orientation or of the degree of unfolding could not be achieved within the performed 
measurements, which presents a challenge for future work.  
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Chapter 7   
 
Structural Stability Investigations and Atomic Force 
Microscopy Imaging of IgG1 Adsorbed on Borosilicate Glass  
 
Abstract 
In this Chapter, the stability of dissolved IgG1 was investigated regarding aggregation 
(SDS-PAGE, SE-HPLC), secondary (ATR-FTIR) and tertiary (fluorescence spectroscopy) 
structure subject to pH value and ionic strength. The structural properties of IgG1, ad-
sorbed from a solution of 2 mg/ml, were studied on the surface of borosilicate glass parti-
cles. In addition, as the adsorption step was shown to be reversible by means of pH shifts 
of the formulation, also irreversible alterations of desorbed protein could be investigated. 
The character of the adsorbed antibody was visualized by AFM in dried state as well as 
submerged in buffer liquid. Finally, the structural integrity of desorbed IgG was assessed 
by ELISA. The investigations revealed that the IgG1 is structurally stable in the pH range 
from 4 to 10. Spectroscopic analysis of IgG1 in adsorbed state suggested slight aggrega-
tion at the IEP (pH 8.6), but under none of the conditions tested substantial unfolding 
was observed. Chromatographic and fluorescence spectroscopic investigation of desorbed 
protein fractions indicated an increasing tendency for aggregation and unfolding in the 
order pH 4.0 < pH 7.2 < pH 8.6, whereas this trend was less pronounced in FT-IR. In 
ELISA, an equally reduced structural integrity was found for all three desorbed protein 
fractions compared to reference. AFM images revealed a completely denatured protein 
film spread on the glass surface after drying. Imaging of protein films adsorbed from con-
centrations of 2 mg/ml in submerged state indicated adsorption of IgG1 on the surface in 
an agglomerated form as patches and a film thickness reflecting multiple protein layers.  
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1 INTRODUCTION 
The interaction of proteins with solid surfaces has, for a long time, been the subject of ex-
haustive research. A large number of researchers studied changes in secondary or tertiary 
structure of proteins and determined the biological activity upon surface binding. Very 
often, specific applications (e.g. immunosorbent assays) are associated with adsorption 
steps, and the molecular structure together with the protein activity becomes of particular 
interest. However, the interrelations with respect to protein structure are sophisticated. 
For example, the overall adsorbed amount of protein is not solely controlled by the attrac-
tive and repulsive forces caused by electrostatic and hydrophobic interaction forces, but 
also depends on the structural stability of the protein in its particular formulation. Thus, 
the analysis of structural stabilities after adsorption will, at least in part, shed light on the 
adsorption mechanism of the respective molecule at the given conditions. Irrespective of 
parameters like the formulation or the intrinsic protein properties, it was described that 
more profound alterations were induced on hydrophobic surfaces compared to hydro-
philic ones [1,2]. Another example of an important factor concerning the remaining pro-
tein activity after adsorption is the initial concentration on the surface, as described by 
Sandwick and Schray [2]. If the initial surface concentration is low, like at the initial part 
of an adsorption isotherm, the molecules are bound to a greater degree in an inactive or 
spread form. By contrast, the fraction of proteins in native structure increases when the 
surface is more crowded. This indicates that sterical reasons are most likely involved in 
the unfolding of surface bound molecules.  
A pool of predominantly spectroscopic analytical methods is applicable to investigate 
structural alterations with respect to protein adsorption processes. The most common 
techniques for monitoring changes in the protein secondary structure described in lit-
erature so far are, for example, (attenuated total reflection) Fourier transform infrared 
spectroscopy (ATR) FT-IR [1,3,4], circular dichroism (CD) spectroscopy [5-7], and also 
nuclear magnetic resonance (NMR) spectroscopy [8]. Moreover, changes in the tertiary 
structure of proteins are commonly investigated with fluorescence spectroscopy tech-
niques recording either the intrinsic fluorescence of protein chromophores [9] or the 
fluorescence of extrinsic chromophores like 8-anilino-1-naphthalenesulfonic acid (ANS) 
[5,10]. Also, a total internal reflection fluorescence (TIRF) setup is widely used in moni-
toring adsorption induced structural changes and aggregation [11,12]. Further spectro-
scopic techniques that are capable of investigating protein denaturation in terms of layer 
thickness are, for example, specular neutron reflection [13,14] or ellipsometry [15,16]. 
Besides the spectroscopic methods, another common versatile tool is atomic force micro-
scopy (AFM), which has become an established technique for the imaging of “soft” bio-
logical samples on solid surfaces [17,18]. The studies focused on (3D) mapping of single 
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molecules on surfaces [19,20], on imaging the organization and spatial order of adsorbed 
proteins layers [21,22], and even on following the online adsorption of molecules [23]. 
Keller provides a good overview of the method regarding the imaging of proteins [24].  
However, in many of the aforementioned cases, specific model surfaces with particular 
requirements are indispensable. That is why these techniques are usually not readily 
applicable for the investigation of proteins on so-called “real” surfaces such as pharma-
ceutical containers. Accordingly, only few investigators dealt with containers but with 
similar substrates instead. Thus, changes of the molecular structure upon adsorption, 
especially on borosilicate glass, have not yet been exhaustively analyzed. The activity of 
therapeutic proteins was repeatedly found to decrease upon storage in their primary 
packaging. The reason for this observation, however, was rather an adsorption induced 
decrease of the protein concentration in solution (see Chapter 1). Nonetheless, surface 
induced structural alterations of therapeutic proteins are critical. Besides changes in the 
secondary or tertiary structure, contact with the surface can also induce clustering or 
aggregation of proteins. In addition to a loss of function, (partly) denatured proteins in 
solution can possibly trigger further aggregation, which at worst can cause immunologi-
cal reactions in the patient. This is a common, but compared to other aspects, a rarely 
mentioned effect [12]. A short overview of this aspect is given in Chapter 1. Although it 
could be shown from our previous work, that IgG adsorption on glass container surface is 
widely irreversible upon dilution (see Chapter 2), a back-diffusion of unfolded or aggre-
gated molecules into the formulation cannot be entirely excluded.  
In the context of this work, the protein solution compositions and the surface properties, 
with respect to material and pretreatment, were to be close to the situation for a recombi-
nant protein drug in a glass vial. Protein concentration, buffer salt and its concentration, 
as well as total ionic strength were chosen according to established preparations. To in-
crease the effective surface area, glass particles were prepared by grinding glass containers, 
despite the fact that the surface of the glass particles does not precisely match the chemi-
cal surface composition of the inner container surface. Pretreatments like washing and 
heat sterilizing were considered as well.  
The aim of this work was to gain insight into the structural behavior of IgG adsorbed on 
the borosilicate glass surface. This included the investigation of the secondary and the 
tertiary structure using ATR-FTIR spectroscopy and fluorescence spectroscopy. Further 
information should be gained on the surface induced aggregation tendency as well as the 
residual activity of the adsorbed IgG. The structural properties of IgG were analyzed in 
two ways, either directly in adsorbed state or after a gentle desorption step with the aid of 
a pH shift. By these means, the irreversibility of structural rearrangements should be ex-
amined. Finally, the adsorbed protein layers were to be visualized on the glass surface by  
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AFM, both in dried state and submerged in buffer liquid. In all of the structural studies, a 
main focus was on the impact of the formulation pH value against the background of dif-
ferent protein stabilities.  
 
 
2  MATERIALS AND METHODS 
2.1  Materials 
2.1.1  Protein Formulation and Including Excipients 
The protein used for the structural studies was a monoclonal IgG1 antibody (IgG1) 
(MW≈ 152 kDa) in a concentration of 2 mg/ml in 10 mM phosphate buffer and 145 mM 
NaCl (pH 7.2), which was kindly provided by Merck Serono (Darmstadt, Germany). The 
second protein investigated was IgG from pooled human plasma (h-IgG) and was pur-
chased as a lyophilized powder from Sigma-Aldrich (Steinheim, Germany). It was further 
dissolved in the analogous PBS buffer as used for IgG1. The ionic strength of the formula-
tion was calculated to be 170 mM.  
Two further 10 mM phosphate buffer solutions of pH 4.0 and 8.6 were prepared. The ap-
propriate amount of NaCl was calculated and added in order to adjust the ionic strength 
to 170mM. The IgG1 was dialyzed against the buffers, using Vivaspin® 20 centrifugal con-
centrators (Sartorius-Stedim Biotech, Goettingen, Germany) equipped with a 30.000 
MWCO polyethersulfone (PES) membrane. The final solutions were filtered through 
0.2 μm PES membrane filters (Pall GmbH, Dreieich, Germany). The protein concentra-
tion was determined by UV absorption measurement at 280 nm, and the final protein 
concentration was adjusted so that the equilibrium concentration after the adsorption 
experiments was 2 mg/ml. Water for all buffers and applications was ultrapure water 
(0.055 μS/cm) from a Purelab Plus UV/UF system (ELGA LabWater, Celle, Germany). 
Bis-ANS (4,4-Dianilino-1,1-binaphthyl-5,5-disulfonic acid dipotassium salt) was pur-
chased from Sigma-Aldrich (Munich, Germany). All chemicals used were of p.a. grade. 
 
2.1.2 Glass Powder 
Glass powder was prepared from borosilicate glass vials Fiolax® 2R, kindly provided by 
SCHOTT AG (Mainz, Germany). Vials were shattered and the flinders, apart from the 
vial neck, were milled in a Pulverisette® 5 laboratory planetary mill (Fritsch GmbH, Idar-
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Oberstein, Germany) for 8 h, using ZrO2 grinding beakers and balls. The powder was 
fractionated in a sieve tower and the particle fraction smaller than 45 microns was col-
lected. Particles were washed 3 times by suspending them in water for 5 min and recov-
ered by centrifugation. The particles were dried at 90°C, and the powder was heat steril-
ized at 250°C for 1 h.  
 
2.1.3 Glass Vials / Glass Vial Bottoms 
Fiolax® 2R borosilicate glass vials were washed in a FAW 500 vial washing machine for 
pharmaceutical purposes (Bausch & Stroebel GmbH+Co. KG, Ilshofen, Germany) with 
highly purified water and heat sterilized at 250°C for 1 h before use. For AFM measure-
ments, the bottoms of the vials were carefully cut off with a DREMEL® 300 series rotary 
tool (DREMEL Europe, Breda, The Netherlands) equipped with a rotating diamond cut-
off wheel. Contaminating particles were removed by washing with ultrapure water, and 
the surface was dried under a weak nitrogen flow.  
 
2.2 Methods 
2.2.1 Static Laser Light Scattering 
The size distribution of different glass particle fractions was analyzed by static laser light 
scattering in a Horiba LA-950 system (Retsch Technology GmbH, Haan, Germany) 
according to the Mie scattering theory. The device is equipped with two light sources, a 
5 mW 650 nm Laser Diode and a 3 mW 405 nm LED. The optical system consists of in-
verse Fourier optics and several detectors in forward, side, and reverse direction, ensuring 
a wide measuring range from upper nm to lower mm range. For measurements, glass 
powder was suspended in degassed ultrapure water. Data analysis and calculation of val-
ues was carried out using the LA-950 software.  
 
2.2.2 Scanning Electron Microscopy (SEM) 
For visualization of the glass particles, a JEM 6500F scanning electron microscope from 
JEOL GmbH (Eching, Germany) was utilized. The particles were deposited on a conduc-
tive pad and sputtered with carbon.  
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2.2.3 Specific Surface Area Analysis 
The specific surface area of the glass particle fraction < 45 μm was determined using 
nitrogen gas sorption in a NOVA 4000e system (Quantachrome GmbH & Co. KG, Odelz-
hausen, Germany). Before the physisorption of nitrogen, the sample was outgassed at 
150°C for 12 h over night. The adsorbed nitrogen volume was determined by differential 
pressure measurement. The specific surface area was obtained from a multipoint BET by 
linearization plot in the interval of p/p0 from 0.05 to 0.20 (R > 0.9998; C >> 0).  
 
2.2.4 Adsorption Process 
250 mg of glass particles were weighed in 2R borosilicate glass vials (n = 3 for each con-
dition). The effective surface area of the powder was calculated by means of the specific 
surface area. 3.5 ml of protein solution was added to each vial, closed with FluroTec® stop-
pers and Flip-Off® seals (West Pharmaceutical Services GmbH & Co. KG Eschweiler, 
Germany). Care was taken that the filling did not wet the stoppers. After incubating the 
vials at 25°C under slow horizontal movement (25 rpm) for 24 h, the whole volume was 
transferred to a 5 ml polypropylene (PP) cryogenic tube with screw caps (Brandt GmbH 
& Co. KG, Wertheim, Germany), using disposable glass pipettes. Particles were centri-
fuged for 5 min in a Labofuge M at 6000 rpm (Heraeus Sepatech GmbH, Osterode, Ger-
many). The supernatant was removed and 4.0 ml of correlating blank buffer was added. 
The particles were re-suspended by short-term mixing in a laboratory vortex mixer and 
centrifuged again. This procedure was repeated 3 times. The particle fraction was either 
analyzed directly as viscous suspension or the adsorbed protein fraction was desorbed by 
re-suspending the particles in buffer pH 9.5 for 1 h, removing the glass particles and read-
justing the pH to pH 7.2. The protein content of each solution was determined via UV 
absorption and the concentration adjusted to a uniform value according to each analytical 
method by dilution. For subsequent ATR-FTIR measurements, the concentration was 
increased by centrifugation in 30,000 MWCO PES Vivaspin® 500 centrifugal filter units 
(Sartorius-Stedim Biotech, Goettingen, Germany). An adsorption of IgG1 to the mem-
brane as well as the arising structural alteration caused by binding was neglected because 
of the short time the protein was in contact with the membrane. An evaluation of protein 
binding to membrane filter material made of diverse basic raw materials was performed 
previously (data not shown).  
For AFM measurements, glass vial bottom pieces were immersed in 10 ml of a 2 mg/ml 
protein solution at 25°C for 24 h in 50 ml round bottom tubes (GreinerBio-One GmbH, 
Frickenhausen, Germany). Care was taken that the inner surface of the bottom pieces was 
not in contact with the container walls. After the incubation step, the glass bottoms were 
immersed in 40 ml correlating blank buffer. Altogether, four rinsing steps in a fresh buff-
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er, each lasting about 1 min, were accomplished. For investigation of the native protein 
films, the glass pieces were kept under buffer medium and transferred into the AFM liq-
uid cell. For the analysis of dry protein films, the glass samples were successively dipped 
very quickly into ultrapure water and dried in a gentle nitrogen flow. Thus, crystallization 
of salts on the glass surface was avoided.  
 
2.2.5 UV Spectroscopy 
UV spectroscopy for protein concentration measurements was performed in a tempera-
ture controlled Agilent 8453 UV/VIS spectrophotometer (Agilent Technologies GmbH, 
Boeblingen, Germany) at λ = 280 nm / 25°C, using quartz cuvettes and applying an ex-
tinction coefficient of 1.40 cm2/mg for antibodies [25]. For extinction values below 0.1, a 
calibration curve was used to determine the protein content.  
 
2.2.6 Size Exclusion High Performance Liquid Chromatography (SE-HPLC) 
Protein stability was investigated with SE-HPLC on an Agilent 1100 device with UV de-
tection at 280 nm (Agilent Technologies GmbH, Boeblingen, Germany). A Tosoh TSKgel 
G3000SWXL column combined with a TSKgel SWXL guardcolumn (Tosoh Bioscience 
GmbH, Stuttgart, Germany) was used with running buffer composed of 10 mM phos-
phate buffer, 145 mM NaCl pH 7.2 at 0.5 ml/min. All samples were filtrated through a 
0.2 μm PES membrane filter (Pall GmbH, Dreieich, Germany). The injection volumes 
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Figure 1: Exemplary SE-HPLC chromatogram of IgG1 with integration procedure. 
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were 25 μl for 2 mg/ml and 50 μl for 1 mg/ml samples. All chromatograms were inte-
grated manually, using the Agilent ChemStation software Rev. B 02.01. A typical chro-
matogram is shown in Figure 1. 
 
2.2.7 Fluorescence Spectroscopy 
Fluorescence spectra of protein and surface samples were recorded with a Varian Cary 
Eclipse fluorescence spectrophotometer (Varian Deutschland GmbH, Darmstadt, Germa-
ny). For wet solid powder measurements, a front surface sample holder with a powder cell 
was used. Liquid samples were measured in standard 10 x 10 mm fluorescence quartz cu-
vettes at 25°C. Intrinsic fluorescence spectra at an excitation wavelength of 280 nm, both 
excitation and emission bandwidth of 5 nm, were recorded from 270 - 500 nm to cover 
the region of the Rayleigh scattering as an indicator of potential sample turbidity [26]. For 
extrinsic fluorescence analysis, bis-ANS was spiked into each sample (final concentration 
5 μM). Samples were excited at 385 nm, and emission was recorded from 395 - 700 nm. 
The protein concentration for all fluorescence measurements was adjusted to 0.05 mg/ml, 
according to an absorbance of 0.07 at λex to neglect the inner filter effect [26]. For each 
solution, three independent samples were measured and curves were averaged. Emission 
spectra were corrected for the Raman scattering of the solvent by subtracting the back-
ground signal of the corresponding sample buffer. In Figure 2, two exemplary fluores-
cence measurements of intrinsic IgG1 fluorescence and extrinsic bis-ANS fluorescence 
are shown.  
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Figure 2: (a) Exemplary buffer background signal and intrinsic protein fluorescence of IgG1 at 
λex = 280 nm.  (b) Exemplary bis-ANS buffer background and difference between native and 
unfolded IgG1 at λex = 385 nm. 
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2.2.8 Fourier Transform Infrared Spectroscopy (FT-IR) 
FT-IR measurements were performed on a Tensor 21 spectrometer (Bruker Optics, Ett-
lingen, Germany), using the Bio-ATR II unit purged with dry nitrogen at 25°C. For each 
sample, 240 spectra were recorded in the region from 4000 - 850 cm-1. Glass particles were 
suspended in protein solution of a specific pH value for 24 h, washed 4 times in protein 
free buffer, suspended in the correlating buffer, and measured after they settled on the 
ATR crystal. Spectra of blank glass particles were determined in the correlating buffer as 
well and subtracted to gain protein signal. Liquid protein samples were also measured in 
the ATR unit and corrected for buffer background. In each case, final spectrum proces-
sing included the calculation of the 2nd derivative which included the Savitzky-Golay 
smoothing algorithm and vector normalization, by using the Bruker OPUS 6.5 software. 
The protein concentration for adsorption studies, as well as for direct measurements, was 
2 mg/ml.  
 
2.2.9 Enzyme-Linked Immunosorbent Assay (ELISA) 
For determination of the biological activity of adsorbed h-IgG, a standardized ELISA 
(IMMUNOtec quantitative human IgG ELISA from ZeptoMetrix Corporation, Buffalo, 
NY, USA) was conducted. The investigation was comprised of the binding of pH-de-
sorbed h-IgG fractions, which had adsorbed at variable incubation pH on glass particles 
before, to polyclonal anti-h-IgG antibodies immobilized in the microwells. The captured 
h-IgG molecules subsequently reacted with a third antibody species against all subclasses 
of h-IgG, which was moreover coupled with horseradish peroxidase. The activity was 
quantified by a redox reaction of tetramethylbenzidine and reading the optical density at 
450 nm (Figure 3). The working range of the assay was 0 - 125 ng/ml, calibrated with h-
IgG. Prior to ELISA, the exact h-IgG concentration of the desorbed protein fractions was 
determined by UV absorbance, and samples were diluted to a final concentration of both 
100 ng/ml and 50 ng/ml by using the assay diluent (PBS buffer containing Triton X-100®). 
 
CH3 CH3CH3 CH3
 
Figure 3: Oxidation of 3,5,3’,5’-tetramethylbenzidine as coloring reaction in ELISA (modified 
from [27]). 
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Adsorption to test tubes could be a critical step in ELISA sample preparation with regard 
to the highly diluted protein solutions. Triton X-100® was intended for preserving from 
adsorptive losses [28]. Each dilution was analyzed in triplicate (n = 2 for the calibration 
curve). The optical density was read with a FLUOstar Omega microplate reader (BMG 
LABTECH GmbH, Offenburg, Germany).  
 
2.2.10 Sodium Dodecyl Sulfate Polyacrylamide Gelelectrophoresis (SDS-PAGE) 
Non-reducing SDS-PAGE was accomplished by using NuPAGE® Novex 7% Tris-Acetate 
gels 1.0 mm with NuPAGE® Tris-Acetate SDS running buffer (Invitrogen Ltd., Paisley, 
United Kingdom), 150 V, 1 h, and intentionally high loading with 5 μg protein. All IgG 
samples were diluted to a final concentration of 0.25 mg/ml by using NuPAGE® LDS 
sample buffer (1x) and then heated at 70°C for 10 min. As a marker, 5 μl of HiMark™ pre-
stained protein standard (Invitrogen Ltd., Paisley, United Kingdom) were run. Staining 
was carried out by using Invitrogen’s Colloidal Blue Stain.  
 
2.2.11 Atomic Force Microscopy (AFM) 
Atomic Force Microscopy was performed on a Digital Instruments Dimension 3100 AFM 
equipped with a NanoScope V Controller (Veeco Metrology Inc., Santa Barbara, CA, 
USA). The imaging technique mostly used was the tapping mode. In a few cases, however, 
the contact mode was used for removing parts of protein from the surface. Dry samples 
were measured in air at room temperature, using BudgetSensors Tap300Al cantilevers 
with monolithic silicon probe (Ted Pella Inc., Redding, CA, USA), having a resonant fre-
quency of typically 300 kHz and a tip radius of < 10 nm. Liquid imaging was performed 
under buffer medium of correlating pH value using a Veeco liquid cell and Veeco DNP-S 
silicon nitride cantilevers (Veeco Probes, Camarillo, CA, USA) with a spring constant of 
0.32 N/m and a tip radius of nominal 10 nm. Scan sizes ranged between 1.0 x 1.0 μm and 
10.0 x 10.0 μm.  
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3 RESULTS AND DISCUSSION 
The aim of producing glass particles out of the vial material was to enlarge the effective 
surface in order to gain an increased amount of adsorbed protein. After desorption, the 
analysis via chromatographic, spectroscopic, and immunological techniques should be 
possible. It is indisputable that the newly generated surface of the particles, in spite of pre-
washing and heat sterilizing, is not directly comparable to the inner surface of the glass 
vials, but the greatly enlarged surface should be a very good model for studying IgG ad-
sorption. 
 
3.1 Physical Characterization of Glass Particles 
The glass particles received from the milling of borosilicate glass vials were initially char-
acterized physically in terms of shape, size distribution, and specific surface area. Very 
decisive for further adsorption experiments is the specific surface area of the glass par-
ticles, which was determined as 3.53 ± 0.038 m2/g by three independent BET sorption 
measurements. One nitrogen sorption isotherm and the associated BET-plot of one 
exemplary measurement are shown in Figure 4. The isotherm is a type II isotherm, char-
acteristic of gas adsorption on non-porous solids, whereas first a monolayer, and then, 
marked by the first inflection point, multiple layers are built up [29]. In the upper range 
of relative pressure, condensation of liquid nitrogen takes place. Except for a minor hys-
teresis, the desorption curve depicted in Figure 4a follows the adsorption curve almost 
exactly. Although the data points in the BET-plot (Figure 4b) are not perfectly fit by a 
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Figure 4: (a) N2 sorption isotherm of primary glass powder fraction < 45 μm.  (b) BET-plot of 
data points in the linear range of the adsorption curve. 
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straight line but describe a marginally convex curve, appreciable (micro-) porosity was 
not expected. The low specific surface area, the positive C-value, and the type of adsorp-
tion isotherm argue against it [30]. Most likely, the marginal deviation from BET-theory 
may be due to the small absolute surface area along with the use of nitrogen as measuring 
gas. Nevertheless, the value for surface area is realistic, which is shown by calculations 
based on particle size distribution data (see below).  
Only the primary particle fraction (< 45 μm) was measured in BET. Its size distribution 
was compared with that of a second collective of non-sedimenting glass particles used for 
electrokinetic measurements (see Chapter 4). The latter fraction was obtained by sus-
pending the primary fraction in water, followed by sedimentation (secondary particle 
fraction in the supernatant). The size - frequency distributions determined by static light 
scattering are illustrated in Figure 5. Both graphs offer mono-dispersive distribution 
characteristics. This was to be expected, as both fractions consist of a homogeneous parti-
cle fraction each. The secondary fraction (Figure 5b) shows a slightly narrower distribu-
tion as is also indicated by the span value (see Table 1). Being that the size - frequency 
distribution was measured according to particle volume light scattering measurements, 
only the volume-based results are presented.  
The value of median size d50, i.e. the size for which 50% of the material is finer or coarser, 
and the geometrical mean value, which is actually only reliable if the distribution is log-
normal, are identical as long as logarithm of sizes is normally distributed [31]. The values 
of median and geometrical mean size are different for the primary fraction, and the devia-
tion from the Gaussian curve becomes apparent in Figure 5a. This may be due to the mill-
ing process. The results of the secondary fraction based on sedimentation meet the Gauss-
ian distribution better, which becomes evident when comparing the constants in Table 1. 
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Figure 5: Size - frequency distribution curves of (a) primary particle fraction (< 45 μm) and 
(b) secondary particle fraction used for electrophoretic mobility measurements, both based on 
particle volume. 
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Table 1: Values for primary and secondary particle fractions determined by static light scatter-
ing (volume-based). 
Particle fraction 
Median size 
d50 (μm) 
Geom. mean 
size (μm) 
Span 		





 
50
1090
d
dd  Specific surface 
area (m2/g)a 
primary 7.27 7.08 (± 1.08) 1.68 0.44 
secondary 0.58 0.60 (± 1.06) 1.54 4.82 
a for calculation a bulk medium density of 2.34 g/cm3 was used [32] 
 
The specific surface area of the primary particle fraction calculated from light scattering 
measurements deviates considerably (by a factor of 8) from the gas-sorption data. This is 
not astonishing, as laser diffraction theory utilizes ideal spherical geometry for calcula-
tions. So this is an indication for a certain aberration of the glass particle form from 
spherical shape. Besides, surface cavities or a certain degree of roughness, which is only 
considered in gas-sorption experiments, may contribute to the divergence as well. In 
Table 1, the calculated values for both particle fractions are summarized. 
SEM gives a more realistic picture of the particle attributes (Figure 6). In contrast to a 
short-term milling process, which mainly results in coarser glass grains with an extremely 
plain fracture surface and straight edges (pictures not shown), the 8 h long-term milling 
process ends up with more rounded surfaces and a substantial portion of particles with a 
diameter below 1 μm. In Figure 6a, the tiny particles are seen surrounding the larger ones 
in the primary particle fraction. The fraction < 1 - 2 μm, generated for electrokinetic mea-
surements, consists of rounded but not-spherical particles (Figure 6b).  
 
(a) (b) 
Figure 6: SEM micrographs of (a) primary glass particle fraction (< 45 μm) used for adsorption 
experiments and (b) second fraction used for electrophoretic mobility measurements. 
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Thus, compared to the inside of the vial, a large specific surface area for a sufficiently high 
amount of adsorbed protein was achieved, and as a result, the powdered material was 
suitable for subsequent protein adsorption experiments. For the following adsorption ex-
periments, exclusively the primary particle fraction (< 45 μm) was used. Calculations of 
the specific surface area in this regard were exclusively based on the value derived from 
nitrogen BET measurements.  
 
3.2 Adsorption Studies of IgG1 on Glass Particles – Differences between 
Vial and Particle Surface 
Since a new substrate for adsorption studies with a high surface area was available, the 
concentration depletion method could be applied, associated with the opportunity of 
another control for the well-established SDS desorption assay (Chapter 2). Moreover, 
differences in the protein binding properties on the vial inner surface and the surface of 
the particles could be evaluated. In the new adsorption assay, the initial weight of particles 
was about 125 mg (weighed exactly), corresponding to a whole surface area of 0.44 m2 
glass surface. Taking the expected amount of adsorbed protein into account, the initial 
protein concentration was intentionally set higher so that an equilibrium concentration 
in the supernatant solution of approx. 2 mg/ml would result after the adsorption step. 
Figure 7 shows the results for pH-dependent adsorption, obtained from IgG1 adsorbed 
on the increased glass powder surface and measured by depletion in HPLC against a 
reference calibration curve. Because of the time dependent variability in the protein struc-
ture at the pH extremes, along with an uncertainty in accurate determination of the pro- 
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Figure 7: pH-dependent IgG1 adsorption on glass powder determined by solution depletion 
(  ) and pH dependent adsorption of IgG1 in glass vials determined with the SDS desorption 
assay (  ) after 24 h of adsorption in either instance.  
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tein by SE-HPLC (see section 3.3.1), only pH values from 4 to 11 were evaluated. Lower 
IgG1 adsorption values on glass powder, as analyzed by the depletion method compared 
to the vial desorption results, become obvious. Several reasons are possible. As already 
mentioned, the chemical compositions of the particle and the vial surface are different. 
For particles originating from vial milling, a surface composition similar to that of the 
glass bulk can be expected. It is well known that the glass vial surface is greatly influenced 
by the forming process and therefore differs from the bulk composition [33]. Also, differ-
ences in the surface free energy of both the vial and the particle surface are likely. The sur-
face free energy has shown to dramatically affect the adsorbed mass of IgG1 (Chapter 3). 
To minimize this effect, the vial pretreatment procedure was equally applied to the boro-
silicate particle fraction prior to the adsorption experiments. It may also be speculated 
that particles contact each other in the loose sediment, leading to surface regions onto 
which protein adsorption is hindered. During the 24 h adsorption period, the particles 
were re-suspended only a few times, since a permanent agitation might have promoted 
protein denaturation and aggregation [34]. Furthermore, the curved surface geometry of 
the particles, which is more pronounced the smaller the particles are, has shown to lead to 
different adsorption conditions [35]. However, in our case, this effect was not considered 
to be critical for the particle size range investigated. Another reason for decreased ad-
sorbed amounts on the particle surface could be an increased degree of roughness com-
pared to the vial inner surface. For example, it has been shown that the adsorbed amount 
of albumin on titanium alloys was lower on surfaces with a higher roughness [36]. In this 
regard, a dependency on the surface free energy is discussed. According to Wenzel’s law, 
the advancing contact angle of a high energetic surface decreases with increasing surface 
roughness [37]. From the results shown in Chapter 3, this entails a decreased adsorption 
tendency of IgG1 on the roughened glass surface. Finally, the surface area determined by 
gas-sorption BET might have been overestimated compared to that accessible by the IgG 
molecules. However, despite differences in the absolute amount of bound protein, espe-
cially in the lower pH range, the trend of pH-dependent adsorption is comparable for 
both vial and ground glass vial particles, with maximum adsorption at pH 4.0 - 5.0. Thus, 
the validity of the SDS desorption assay is once again verified.  
It was previously mentioned that the structural properties of adsorbed IgG1 were also 
planned to be investigated after desorption from the surface. Therefore, a thorough evalu-
ation of the adsorption reversibility of IgG1 on glass surface is essential for the subse-
quent structural studies. According to the common opinion in literature, no or hardly any 
adsorbed protein can be removed purely by dilution [38,39]. However, it could be shown 
that the adsorption of protein is reversible when the solution composition is changed in 
terms of pH or ionic strength [40]. In Figure 8, the result of our own reversibility investi-
gations are depicted.  
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Figure 8: Adsorbed amount of IgG1 in glass vials after 24 h adsorption at pH 4.0, followed by an 
additional 24 h adsorption step with a solution of the indicated pH value (  ); the dotted line 
indicates the 24 h pH 4.0 adsorption value; overlaid are the surface concentrations of IgG1 after 
an exclusive 24 h pH-dependent adsorption in glass vials (  ) (see also Chapter 4); in all cases, 
adsorption quantification was performed by means of the SDS desorption assay.  
 
The adsorption value of pH 4.0 after 48 h coincides with the 24 h value as expected, which 
confirms the presence of an equilibrium state after 24 h. In the majority of cases however, 
lower IgG1 surface concentrations than the pH 4.0 reference value can be observed. Thus, 
it is proven that IgG1 adsorption on glass is widely reversible upon pH shifts. But in most 
cases, a complete reversibility could not be observed since “default values” were not pre-
cisely reached. An increase in adsorption caused by a pH shift from 4 to 5 or 6, respective-
ly, was not expected at all. So far, no plausible explanation could be found for this phe-
nomenon. However, it could be shown that a considerable amount of previously adsorbed 
protein could be re-dissolved by appropriate pH shifts.  
 
 
3.3 IgG Stability and Structural Studies 
3.3.1 Stability Studies on IgG1 
In previous studies, it could be shown that adsorption of IgG1 on the surface of glass con-
tainers depends on formulation pH. A timeframe of 24 h was also found to be sufficient 
for the development of a protein layer in equilibrium state. Further investigations dealt 
with the question of whether the protein is stable, both during the 24 h adsorption time-
frame and in solutions with altered pH, as protein adsorption may be altered or even trig-
gered by instabilities.  
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3.3.1.1 SDS-PAGE 
A first study was carried out by using SDS-PAGE for gaining information on the potential 
fragmentation and, to a lesser extent, on protein aggregation. Figure 9 shows the SDS-
PAGE gels directly after the adjustment of a particular pH value and after 24 h at stan-
dard incubation conditions. Directly after pH adjustment (Figure 9a), the same pattern 
for IgG1 can be seen for all pH values, except for pH 12. Typically, one main band is 
visible which equals the protein monomer including all isoforms (approx. 152 kDa), di-
rectly followed by two minor bands of a marginally less molecular weight. Two further 
fragments of approx. 110 kDa and 70 kDa can be identified in SDS-PAGE. The short time 
from pH adjustment to pH 12 and gel filling is enough for an extensive hydrolysis and/or 
aggregation, but preferential bands are still distinguishable. Figure 9b reflects the situa-
tion after 24 h. Here, only the most critical pH values were analyzed. The hydrolysis in the 
pH 12 sample has advanced to a point to which no more discrete bands are distinguish-
able. Except for a slight increase in fragmentation for the pH 11 sample, again no signifi-
cant changes compared to the reference standard are observable.  
 
(a) (b) 
Figure 9: SDS-PAGE of IgG1 (a) directly after adjustment of the pH and (b) selected samples 
after 24 h storage under adsorption conditions. Molecular weight of the marker proteins: 
I: 500 kDa;  II: 290 kDa;  III: 240 kDa;  IV: 160 kDa;  V: 116 kDa;  VI: 97 kDa;  VII: 66 kDa; 
VIII: 55 kDa;  IX: 40 kDa.  
 
3.3.1.2 SE-HPLC 
It could be shown that the extrema of the pH values are critical in terms of protein stabil-
ity and they would be worth looking at in more detail. Consequently, time-dependent SE-
HPLC analyses of critical samples were conducted for a detailed investigation of protein 
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behavior during incubation. Five chromatograms for every pH value at consecutive 
points in time from 0 - 32 h were gained and overlaid. A summary of the results is given 
in Figure 10. At pH 4.0 (Figure 10a) as well as at pH 10.0 (Figure 10d), the chromatogram 
of the native IgG1 monomer peak does not alter over time, indicating stability under 
these conditions. Figures 10b and 10c exhibit the effect of a higher proton concentration 
in the solution at pH 3.0 and pH 2.0, leading to a decrease of monomer, an increase of 
aggregated species, and the appearance of a minor fragmentation peak at pH 2.0. The fact 
that no aggregates are observable in SDS-PAGE suggests the formation of non-covalent 
aggregates. At pH 11.0 (Figure 10e), a small but steady increase in both aggregates and 
fragments can be observed, along with a decrease of monomers. Corresponding to the 
SDS-PAGE results, massive aggregation and degradation occurred at pH 12.0 (Figure 10f). 
Hence, an overlap of adsorption phenomena and structural alterations has to be consid-
ered at extreme pH values. In addition, the stability of IgG1 depending on the ionic 
strength was studied from 23 mM (solely 10 mM phosphate buffer) to 1 M by the addi-
tion of NaCl at pH 7.2. Neither an increased aggregation tendency nor an indication of 
fragmentation could be observed within the timeframe of 32 h (data not shown). 
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Figure 10: SE-HPLC chromatograms of IgG1 at 25°C: (a) pH 4.0;  (b) pH 3.0;  (c) pH 2.0; (d)
pH 10.0;  (e) pH 11.0;  (f) pH 12.0. Curves of different time points are overlaid: (1) 0 h;  (2) 8 h; 
(3) 16 h;  (4) 24 h;  (5) 32 h. Arrows indicate tendencies.  
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3.3.1.3 Intrinsic and Extrinsic Steady State Fluorescence 
Fluorescence spectroscopy is a common and useful technique for monitoring conformal 
transitions of proteins [41]. Structural alterations of proteins as well as aggregation can be 
analyzed sensitively by observing intrinsic protein fluorescence or by using extrinsic fluo-
rescent dyes [42,43]. Intrinsic protein fluorescence is mainly based upon light emission of 
tryptophan, which is a very valuable probe. It has the highest quantum yield within the 
protein fluorophores, is very sensitive to its microenvironment [41], and can be readily 
excited at the absorbance maximum of the IgG 280 nm [44]. The band of tyrosine, which 
marginally fluoresces at this wavelength, is usually not visible in presence of tryptophan 
[26]. The proteins studied contain a high number of tryptophan residues, 24 determined 
for IgG1 from its amino acid sequence, but no constant quantity for the human pooled 
IgG. The fluorescence behavior of a protein, characterized by the emission maximum 
wavelength λmax and by the fluorescence intensity Fλex/λem, depends on the environment 
polarity of the tryptophan residue and varies from 307 nm to 353 nm [45]. As a rule, the 
more structural alterations take place, the more the environment polarity of the buried 
tryptophan residues changes due to an increased accessibility to water. Accordingly, rear-
rangements can be followed by a (red-) shift of λmax.  
The virtually non-fluorescent aromatic dyes ANS or bis-ANS become highly fluorescent 
in nonpolar environments, i.e. when bound to hydrophobic sites in proteins [42,46]. Be-
sides the increase of quantum yield, the emission maximum is blue-shifted to shorter 
wavelengths. Bis-ANS, which binds to proteins mainly via hydrophobic interactions, was 
applied to study surface hydrophobicity, unfolding, and aggregation phenomena [47]. In 
this regard, it was shown that bis-ANS exhibits a higher affinity to several proteins and an 
increased sensitivity than ANS [46,48].  
The effect of pH on fluorescence properties of IgG1 was studied next. In Figure 11, the 
intrinsic steady state fluorescence spectra of IgG1 at extreme pH values are summarized. 
The curves in Figure 11a clearly reveal structural alterations occurring at a low pH indi-
cated by a shift of the intensity maximum wavelength, as well as by a steady increase in 
intensity. Here, unfolding goes along with a common increase of the quantum yield. This 
means quenching neighbors change their position relative to the fluorescing amino acid 
residues. In the pH range in which IgG1 is in native state, λmax is constantly at 334.5 -
335 nm. Towards lower pH values, a larger red-shift, beginning from pH 3 to 2, becomes 
obvious, indicating changes in protein structure. The shift of λmax to 339 nm at pH 2.0 
equals the thermally denatured state after heating to 75°C for 5 min (see Figure 13a). 
The more alkaline the pH, the lower the fluorescence intensity is, relative to the native 
reference, whereas the position of the maximum value remains at approx. 335 nm up to 
pH 11.0 (Figure 11b). However, drastic alkaline conditions of pH 12 lead to extensive 
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Figure 11: Intrinsic fluorescence spectra of IgG1 at extreme (a) acidic and (b) alkaline pH val-
ues compared to the native reference at pH 7.2.  
 
alterations, as shown by SE-HPLC and SDS-PAGE, and are followed by a further decrease 
in intensity as well as a large red-shift of the wavelength of the emission maximum to 
346.0 nm. Consequently, the environment of fluorescent amino acid residues has essen-
tially changed. Longer timeframes at pH 12 finally lead to wavelength shifts up to 352.5 
nm and to an increase in fluorescence intensity. According to Ladokhin, this wavelength 
corresponds to the emission of tryptophan in contact with free water [45]. Thus, complete 
denaturation up to the point of hydrolysis has occurred.  
In Figure 12, the dependency of fluorescence emission maximum wavelength as well as 
the maximum intensity on pH is shown for the whole range. Thus, fluorescence maxi-
mum wavelength of IgG1 was essentially unaffected by pH in the range from pH 4 to 11. 
With respect to the decrease in fluorescence intensity for increasing pH from 5 to 11 and 
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Figure 12: Fluorescence emission maxima and intensity maxima of IgG1 dependent on pH.  
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the correspondingly decreasing proton concentration, the effect can be related to minor 
structural alterations of the protein but not to complete unfolding since the emission 
maximum does not change [49]. The fluorescing behavior is a complex matter, which is 
dependent on many factors. For example, almost all polar protein residues can account 
for quenching of tryptophan [45]. In this regard, protonation of neighboring residues to 
tryptophan can already change their quenching properties, leading to a decrease or in-
crease of the absolute quantum yield.  
Fluorescence spectra were also recorded at variable ionic strengths from 23 mM (10 mM 
phosphate buffer without NaCl) up to 1 M by the addition of NaCl at pH 7.2. Neither the 
fluorescence intensity nor the wavelength maximum of fluorescence changed, indicating 
protein stability within the whole range (data not shown).  
In further studies, IgG1 was thermally stressed in order to elucidate the response of IgG1 
in intrinsic protein and extrinsic bis-ANS fluorescence. Therefore, samples of 0.05 mg/ml 
IgG1 in pH 7.2 PBS buffer were heat stressed in a water bath at temperatures from 55°C 
to 75°C for 5 min and analyzed directly or in presence of 5 μM bis-ANS. Heat treatment 
for 5 min at 75°C was chosen as a standard denaturation treatment for future testing, 
since a high degree of denaturation was achieved. Flocculation of the protein molecules 
set in at temperatures around 80°C. As can be observed in Figure 13a, fluorescence inten-
sity increases steadily with an increasing temperature. A shift of the emission maximum 
wavelength from 334.5 to 339 takes place, indicating a degree of aggregation/denaturation 
comparable to the situation at pH 2. The increase in intensity can be observed in extrinsic 
bis-ANS fluorescence as well (Figure 13b). The yield in intensity is higher than for intrin-
sic fluorescence, which indicates a higher sensitivity.  
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Figure 13: (a) Intrinsic protein and (b) extrinsic bis-ANS fluorescence of heat treated IgG1, 
5 min at different temperatures.  
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Thermal denaturation of IgG1 has previously been investigated using DSC, where irre-
versible denaturation/aggregation was observed [50,51]. Despite a multi-domain charac-
ter, a single endothermic transition was observed around 74°C due to the increased rigidi-
ty of IgG1 compared to others subtypes [52]. Regarding the mechanistic processes upon 
heat stress, in general, the aggregation of IgG is forwarded after hydrophobic patches of 
the molecules are exposed to the surface by denaturation [52].  
 
3.3.1.4 FT-IR 
Most of the previous investigations on IgG1 stability and on the response of IgG1 on heat 
stress were limited to information concerning the tertiary protein structure as well as the 
interaction of molecules (aggregation). FT-IR spectroscopy is an important tool to ana-
lyze the secondary structure of a protein. In this regard, the amide I band between 1700 
and 1600 cm-1, which is predominantly due to the C = O stretching vibration of the pro-
tein backbone, is of particular importance. FT-IR spectroscopy has shown to be sensitive 
to the conformation of the protein and is mostly applied in order to receive information 
on the secondary structure of proteins [4]. In Table 2, the contents of structural elements 
of native IgG in terms of the amide I band are listed, taken from literature [53].  
In the native reference spectrum of IgG1 (Figure 14a/b), important peaks were found at 
1638 cm-1 and 1688 cm-1. Hence, according to Table 2, these peaks are assigned to β-sheet 
structures, and positions agree well with those reported for IgG molecules [54]. The mi-
nor peak at 1614 cm-1 may account for β-sheet structure, but is also described for absorp-
tion by side chains of tyrosine and arginine, which is of minor importance for structural 
interpretations [1]. Other minor bands at 1675 cm-1 and 1664 cm-1 are related to turns 
[50]. The content of structural components of the IgG1 was determined from X-ray crys-
tallography data provided by Merck Serono, using the DSSP program described by 
Kabsch and Sander [55]. The composition was 39% β-sheets, 7% helical structures, 20% 
 
Table 2: Band assignments of the amide I region for FT-IR. 
Secondary structure elements Average (cm-1) Range (cm-1) 
β-Sheet ~ 1617 1615 – 1620 
 ~ 1639 1628 – 1645 
 ~ 1690 1686 – 1697 
Non ordered structures ~ 1645 1640 – 1650 
α-Helical ~ 1652 1650 – 1658 
Turns ~ 1670 1660 – 1667 
  1676 – 1680 
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turns/bends, and 34% loops/irregular elements, whereas a dominance of β-sheets present 
in native IgG is well known [51]. Although theoretically existent, no FT-IR band indicat-
ing α-helical fractions is obvious in the area of 1650 - 1658 cm-1. However, the general in-
formation derived from the second derivative spectrum is consistent with the theoretical 
values from X-ray data and also from other previous FT-IR or CD measurements on IgG1 
[50] or other antibodies [53,54].  
In the following, the impact of both stressing procedures, i.e. shifting of formulation pH 
and heating, on the secondary structure of IgG1 was studied, using ATR-FTIR spectros-
copy. The results are given in Figures 14 and 15. All spectra recorded at acidic pH values 
(Figure 14a) exhibit the characteristic band at 1688 cm-1, assigning for β-sheet elements, 
and a peak or shoulder in the area of 1615 cm-1 due to β-sheet or side chain effects [50]. 
The spectrum at pH 4.0 resembles the profile of the native reference (pH 7.2), whereas 
with further acidification, the bands of turns at 1675 cm-1 are reduced at the expense of a 
new turn band arising at 1666 cm-1. At pH 2.0, the main band assigning β-sheet at 
1638 cm-1 is shifted to smaller wave numbers, indicating more pronounced structural 
alterations. Similar results are obtained at high formulation pH with a small red-shift 
beginning at pH 10 and increasing up to pH 12 (Figure 14b). At pH 12, a shoulder arises 
at 1646 cm-1, indicating the formation of unordered elements [56]. At both high and espe-
cially low pH, the shift of the main band towards 1625 cm-1 is indicative of the formation 
of intermolecular β-sheet elements [56] and therefore, aggregation. This substantiates the 
findings of SE-HPLC. However, readjusting the pH of the solutions to 7.2 after 24 h 
showed full reversibility of any alterations obvious in the spectra, except for the pH ex-
tremes 2 and 12 (data not shown). This in turn indicates a reversibility of these structural 
changes upon pH shifts.  
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Figure 14: ATR-FTIR second derivative spectra of 2 mg/ml IgG1 bulk protein at (a) acidic and 
(b) basic pH values.  
199 
Chapter 7 
 
1700 1675 1650 1625 1600
Wavenumber (cm-1)
Native reference
55°C
60°C
65°C
70°C
75°C
 
Figure 15: ATR-FTIR second derivative spectra of 2 mg/ml IgG1 bulk protein after heating the 
pH 7.2 solution for 5 min at the stated temperature.  
 
The temperature treatment of IgG1 (Figure 15) only revealed small changes in the sec-
ondary structure. The intensity of the most characteristic band at 1638 cm-1 decreased for 
the benefit of a new band arising at approx. 1625 cm-1, which has already been shown by 
Matheus et al. [50]. As mentioned above, this is indicative of distinct aggregation. Fur-
thermore, all spectra exhibit more or less characteristic bands at 1687 - 1685 cm-1 due to 
β-sheet elements and different bands at 1673 cm-1 and 1665 cm-1, both reflecting turn 
structures, which is, however, less significant regarding structural changes. Since all FT-
IR measurements were performed at 25°C, they indicate the state of irreversible structural 
changes of IgG1 after heat treatment. The thermal and the pH stability of IgG were inves-
tigated by Vermeer and Norde in detail using isothermal calorimetry and CD spectros-
copy [52]. They described the heat denaturation of IgG at moderate pH as a three-step 
process, where the final aggregation step accounts for irreversibility. In contrast to their 
findings, the decrease in β-sheet content was not associated with an increase in α-helical 
elements in our case (FT-IR band at 1652 cm-1). Their investigations on the IgG second-
ary structure upon a decrease of pH to 3.5 revealed structural changes as well.  
In conclusion, extremely low pH values (pH 2 - 3) lead to an aggregation of IgG1, whereas 
the secondary structure is much less affected. Under such acidic conditions, an intermedi-
ate structure referred to as “molten globule state” was described, showing a high degree of 
secondary structure, increased hydrophobicity, a native-like maximum wavelength of 
fluorescence emission, and a tendency toward slow aggregation [43]. Most of those ob-
servations could be made for IgG1 as well. At extremely high pH values (pH 11 - 12), an 
extensive degradation sets in, marked by extreme fragmentation and aggregation. Ac-
cordingly, these alterations in structure and especially the increased propensity to aggre-
gation have to be considered when protein adsorption is investigated at extreme pH val-
ues. A serious influence on the adsorption of proteins seems probable.  
200 
Structural Stability Investigations and AFM Imaging of IgG1 Adsorbed on Borosilicate Glass 
3.3.2 Structural Investigations of IgG1 Directly on the Surface of Glass Particles 
In general, investigation of the structural behavior of proteins in the adsorbed state di-
rectly on surfaces stands to reason and has often been described in literature. Therefore, 
protein adsorbed on e.g. flat surface [57] or (nano-) particulates [5,58] was investigated, 
and studies were performed in dry or semidry state [9]. The ground glass particles exhibit 
good model material and were used to evaluate protein structure in adsorbed state. The 
outcome of the previous studies indicated that IgG1 adsorption at pH values above 10 or 
below 4 is not meaningful, as substantial protein damage occurs. Therefore, the following 
studies were confined to the three established incubation pH values 4.0, 7.2, and 8.6, 
which are the pH of maximum adsorption at moderate ionic strengths, the typical formu-
lation pH, and the isoelectric point of the IgG1.  
 
3.3.2.1 Secondary Structure (FT-IR) 
The secondary structure of IgG1 molecules after adsorption on glass particle surface from 
three different formulations (pH 4.0, 7.2 and 8.6) was characterized by ATR-FTIR spec-
troscopy. Spectra were compared to the correlating (native) protein structure by analyz-
ing the 2nd derivative in the region from 1700 - 1600 cm-1, as shown in Figure 16. All three 
samples of IgG1, adsorbed at pH 4.0, 7.2, and 8.6, exhibit the characteristic β-sheet band 
at 1638 cm-1 as a predominant secondary structure element, corresponding to the refer-
ence protein solutions. This meets the findings of Giacomelli et al. [4]. In addition, all 
reference spectra exhibit a β-sheet band in the area between 1690 - 1687 cm-1 and 1616 - 
1613 cm-1, respectively, as well as turn structures indicated by bands at 1675 - 1670 cm-1. 
Besides these usual bands designating β-sheet structures and turns, an additional band at 
1658 cm-1 indicates the arising of helical structures in IgG1 adsorbed on glass at pH 4.0. 
At the physiologic pH 7.2, the spectrum of adsorbed protein reveals unordered structures 
by a band at 1664 cm-1 as a striking property. At the IEP, again helical structures emerge 
but also a band at 1623 cm-1 arises, indicating intermolecular β-sheets. Hence, increasing 
aggregation can be inferred.  
The occurrence of an increased aggregate content at pH 8.6 is consistent with the finding 
for desorbed protein, studied via SE-HPLC (see 3.3.3.2). An often-described conforma-
tional state upon adsorption, the molten globule state, is characterized by a tendency of 
forming aggregates [43]. Hence, this propensity to aggregate, which so far could only be 
shown for pH 8.6 (IEP) by FT-IR spectroscopy, may be an indication of the formation of 
a molten globule upon adsorption on the glass surface. By contrast, at low pH (4.0) it is 
rather the formation of helical structural elements that is most striking. As neither dra-
matic pH shift nor heat treatment cause any of the structural alterations measured after 
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Figure 16: FT-IR second derivative spectra of protein molecules adsorbed on glass particles at 
(a) pH 4.0, (b) pH 7.2 and (c) pH 8.6, 2 mg/ml IgG1, 24h.  
 
adsorption, the results require further substantiation. By applying ATR-FTIR spectros-
copy, Giacomelli et al. for example, found a similarity between the secondary structures 
of free and adsorbed IgG and, if any, only a low content of α-helix [4]. Upon adsorption, 
the formation of α-helical fractions was also described by Vermeer for IgG on quartz [53]. 
The extent depended on the surface properties, more pronounced for hydrophobic, but 
also appreciable for hydrophilic silica [1,53]. The adsorption of IgG1 on hydrophobic 
Teflon® caused substantial changes in the secondary structure, explicitly a decrease of β-
sheets in favor of an increase in α-helix as well as the formation of unordered structures 
[51]. For IgG but also for other proteins, hydrophobic surfaces usually lead to increased 
structural alterations compared to hydrophilic surfaces [59]. Concerning the pH of the 
protein solution, generally more severe effects on the secondary structures are observed 
when both protein and surface wear the same charge [59,60]. This means that for the 
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situation of IgG on borosilicate glass, the critical region is from the protein IEP upwards 
and below the point of zero charge (PZC) of the borosilicate glass surface (pH 2 - 3). 
However, these areas were not investigated in our case.  
Also, difficulties with respect to FT-IR measurements of IgG1 in adsorbed state have to be 
discussed. The pH of the protein solution greatly influences the adsorbed amount of 
protein, as shown in Chapter 4. The quality of ATR-FTIR spectra, however, highly 
depends on the protein quantity adsorbed. Thus, the quality of FT-IR spectra varies with 
pH, which hampers interpretation and makes comparability very difficult. An additional 
uncertainty for protein spectra remains, since the amide bands of the proteins are 
obtained by a subtraction of strong absorption bands of the glass material from the entire 
spectrum. In this regard, Giacomelli et al. were not able to interpret their FT-IR spectra of 
IgG on hydrophobic silica surface due to the large interfering effect of exchanging water 
molecules [4]. Furthermore, also the weighting of the degree of structural changes from 
FT-IR spectra may be delicate, as the 2nd derivative does not necessarily preserve relative 
intensities of absorption bands [61].  
 
3.3.2.2 Tertiary Structure (Intrinsic and Extrinsic Steady State Fluorescence) 
In the following, the tertiary structure of IgG1 is investigated by intrinsic as well as extrin-
sic fluorescence spectroscopy, using bis-ANS as a sensitive probe. The protein was ana-
lyzed in adsorbed state on wet glass particles, using a front surface sample holder. The 
results of front surface fluorescence did not indicate any structural alterations of IgG1 
adsorbed on borosilicate glass at pH 7.2 (Figure 17a). The maximum fluorescence wave- 
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Figure 17: (a) Intrinsic protein fluorescence (b) and extrinsic bis-ANS fluorescence of IgG1 
adsorbed on glass particles at pH 7.2, 24 h; particles submerged in (a) sample buffer or (b) 
sample buffer containing 5 μM bis-ANS.  
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length of the protein in adsorbed state on the glass was found at 338 nm instead of 
335 nm for the free protein in solution (see 3.3.1.3). However, the same maximum could 
be observed for the native IgG1 investigated in the front face setup as well. So far, no 
explanation could be found for this evident wavelength shift. In either instance, an addi-
tional thermal treatment (75°C for 5 min) caused a red-shift of the maximum by 3 and 
4 nm, respectively, indicating that the protein had not been in a severely unfolded or 
aggregated state before. In Figure 17b, the results of the extrinsic front face fluorescence 
measurements in the presence of bis-ANS are shown. No indication for structural alter-
ations of adsorbed IgG1 in terms of exposition of hydrophobic protein patches could be 
observed, since no or only marginal fluorescence was visible for the native reference and 
the adsorbed protein. As a positive control, further heating of the particles together with 
the adsorbed protein provided a clear signal. Hence, direct measurements on adsorbed 
protein have not indicated structural rearrangements for this pH so far. 
Front surface measurement of adsorbed protein on particles is a convenient method. In 
direct comparison, fluorescence spectroscopy of suspended nanoparticles showed the 
same results as total internal reflection fluorescence spectroscopy (TIRF) on flat silica 
surfaces, using BSA as model protein [62]. However, in summary, a slight uncertainty 
exists concerning the results obtained via direct measurements of protein adsorbed on 
glass. When particles were measured in front face fluorescence setup, an increased light 
scattering for IgG on suspended particles could be observed, which led to differences in 
fluorescence intensities [58]. This was also observed in our measurements. Thus, a com-
parison of only normalized intensities is favorable. In addition, significant background 
signals caused by scattering or refraction of the incident beam have to be subtracted, and, 
depending on the signal quality, the error or uncertainty of the information will inevita-
bly increase. For this reason, the desorbed protein fractions from the enlarged surface of 
the glass particles were investigated in the following in more detail.  
 
3.3.3 Structural Studies on Desorbed IgG1 
As mentioned before, various authors examined structural alterations of proteins in ad-
sorbed state by a broad range of appropriate analytical techniques. Alternatively, there is 
the option of investigating desorbed protein molecules, which were once firmly bound to 
the surface. For this approach, the irreversibility of protein adsorption to surfaces in 
terms of dilution is utilized, and the whole formulation including all unbound molecules 
can be removed by rinsing with corresponding buffer. To exclusively obtain the adsorbed 
molecules, desorption is not performed with surfactants, as structural alterations could 
occur, but via a pH shift. Thus, a solution is generated for further analysis, in which for-
merly adsorbed protein is concentrated. Despite the theoretical potential of refolding or 
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disintegration of aggregates by this method, more precise and significant statements on 
the adsorbed protein status should be possible. In return, it allows the estimation of irre-
versible structural changes persisting after dissociation from the surface. Furthermore, 
analytical difficulties, such as the analysis of low amounts of protein in adsorbed state on 
non-ideal surfaces, can be overcome this way and hence, conventional protein analytical 
methods can be more easily applied. Diverse characterizations of different desorbed pro-
tein fractions are presented in the following. 
 
3.3.3.1 SDS-PAGE of Surfactant-Desorbed IgG1 
The SDS-desorbed protein from vial pH assay (see Chapter 4) was concentrated and ana-
lyzed by SDS-PAGE in a similar way as is described in 3.3.1.1. Again, the result in Fig-
ure 18 meets the established pH-dependent adsorption pattern with respect to adsorbed 
quantity (see Figure 8). But furthermore, in contrast to previous gel electrophoresis, an 
additional band in the area of approx. 300 kDa became visible, which corresponds to the 
dimeric form of the IgG1 antibody. The reference sample, which is equivalent to the simi-
larly treated pH 7.2 IgG1 solution, features a very weak dimmer band as well. Aggregation 
by means of adsorption cannot be excluded, but may also be induced by the desorption 
step and by the concentration step with increased protein concentrations at the mem-
brane surface. Aggregation in the presence of surfactant points to the formation of cova-
lent aggregates. Hence, interaction with the glass surface or the membrane involves a 
much stronger impact on IgG1 stability compared to merely pH-adjusted solutions after 
24 h (Figure 9b). Below, the structure of adsorbed protein at selected pH values is further 
investigated after a more gentle desorption step by means of a pH shift.  
 
 
 
Figure 18: SDS-PAGE of desorbed (SDS buffer) and concentrated (Vivaspin®) IgG1 from pH-
dependent vial assay; marker: I: 500 kDa;  II: 290 kDa;  III: 240 kDa;  IV: 160 kDa;  V: 116 kDa; 
VI: 97 kDa;  VII: 66 kDa;  VIII: 55 kDa;  IX: 40 kDa. 
 
205 
Chapter 7 
 
3.3.3.2 Aggregation / Fragmentation (SE-HPLC) of pH-Desorbed IgG1 
Size exclusion chromatographic studies on desorbed protein from the ground glass vial 
particles, obtained by shifting pH, reveal an increased disposition to aggregation with 
glass contact at near-neutral pH and particularly at the IEP. As shown in Figure 19a, at 
pH 4 the pH shifts themselves led to a decreased starting monomer percentage (A and B). 
This increased aggregation level could not be observed for the IgG1 desorbed from the 
glass (C). In contrast, pH adjustment procedures were less damaging at pH 7.2 and 8.6, 
leading to a lower level of aggregation for initial (A) and reference formulation (B) in 
Figure 19b and c. But an increased tendency for aggregation was observed for desorbed 
protein fractions at pH 7.2 and 8.6. FT-IR measurements already indicated that, especially 
at their IEP, proteins are prone to form aggregates upon contact with the glass surface. It 
is known that reduced charge repulsion at the IEP, where repelling electrostatic forces are 
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Figure 19: SE-HPLC analysis of IgG1 adsorbed at (a) pH 4.0, (b) pH 7.2 and (c) pH 8.6 with the 
percentage of (  ) monomeric IgG1, (  ) aggregated IgG1 and (  ) fragmented IgG1;  A: ini-
tial incubation formulation at particular pH; B: reference formulation undergone pH shifts; 
C: IgG1 fractions desorbed from glass particles (B + C measured at pH 7.2).  
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at their minimum, can result in an agglomeration of protein molecules [63]. Since irre-
versible aggregation was not observed for IgG1 fractions which have solely undergone the 
analogous pH shifts (B), the contact of protein molecules with the glass surface must have 
promoted the formation of stable associates. For all formulations, fragmentation was of 
minor importance. While the protein structure in agglomerates formed through low elec-
trostatic repulsion is usually native-like and reversible upon pH change, aggregation can 
also arise from (partially) unfolded intermediates [63]. However, the persistence of the 
above IgG1 agglomerate fractions, despite the implementation of pH shifts or even of a 
surfactant treatment, points to more severe structural changes. Below, the structural in-
tegrity of the desorbed protein fractions is investigated.  
 
3.3.3.3 Secondary Structure (FT-IR) of pH-Desorbed IgG1 
The secondary structure of pH-desorbed IgG1 was characterized by ATR-FTIR spectros-
copy. A comparison of the pH-treated reference spectra with the untreated native refer-
ence (Figure 20) did not reveal any differences, except for pH 8.6, where a band at 
1667 cm-1 could be assigned to either turn or unordered structures [4]. The spectrum 
obtained from protein formerly adsorbed at pH 4.0 (Figure 20a) matches the native 
standard and the reference. Smaller variations in the peak intensities arising at pH 7.2 
(Figure 20b) are presumably due to a reduced protein concentration after desorption, but 
the fraction exhibits the same structural elements without the indication of structural 
alterations. The spectrum of IgG1 adsorbed at pH 8.6 (Figure 20c), similarly desorbed at 
pH 9.5, is of poor quality because the sample concentration is low. Also, a concentration 
step in advance could not increase the protein content to a sufficient level. Thus, despite 
the striking differences of IgG1 adsorbed at pH 8.6 when compared to the references, no 
final conclusions should be drawn.  
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Figure 20: FT-IR second derivative spectra of protein samples adsorbed at (a) pH 4.0, (b) pH 7.2 
and (c) pH 8.6; protein sample fractions were obtained by a pH shift to pH 9.5 for 1 h; reference 
formulation without glass contact underwent identical pH shifts; both samples and references 
measured after re-adjustment to a uniform pH 7.2.  
 
3.3.3.4 Tertiary Structure (Intrinsic and Extrinsic Steady State Fluorescence) of  
pH-Desorbed IgG1 
The same preparations as analyzed by FT-IR were also subjected to fluorescence spectros-
copy. The wavelengths of the emission maxima are identical for all samples. Hence, no 
dramatic unfolding has occurred through adsorption. In Figure 21, the fluorescence 
properties of desorbed (a) IgG1 and (b) h-IgG fractions from glass particles are shown. 
The fluorescence intensity of the IgG1 fraction adsorbed at pH 4.0 is in the same range as 
the reference. However, a decrease in intensity takes place at the other adsorption pH 
values, most strikingly for pH 8.6, although the protein concentration was controlled by 
UV absorption at 280 nm and adapted to a uniform value before. As described above, a 
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Figure 21: Intrinsic protein fluorescence emission spectra (280 nm) of (a) IgG1 and (b) h-IgG 
fractions adsorbed at pH 4.0, 7.2 and 8.6; protein sample fractions were obtained by a pH shift 
to pH 9.5 for 1 h; reference formulation without glass contact underwent identical pH shifts; 
samples and reference measured after re-adjustment to a uniform pH 7.2 and c = 0.05 mg/ml.  
 
sole decrease in intensity may be evidence for first structural alterations. The same out-
come is found for h-IgG. Its quantum yield is higher than that of IgG1, and the fluores-
cence wavelength emission maximum is slightly red-shifted, which is due to its different 
amino acid composition and quenching environment. But the intensity decreases in the 
same manner with increasing incubation pH. This extensive quenching of tryptophan 
fluorescence along with the decrease in intensity is unlikely to be caused by aggregation 
only, as the amount of aggregates was less than 10%, which was determined by SEC. The 
results rather point to substantially unfolded proteins. A similar decrease in fluorescence 
of an aggregated protein fraction was found by Grillo et al. with rhFVIII [42]. They dis-
cussed the appearance of this phenomenon in the context of a possible molten globule 
state.  
Additionally, both protein fractions, the desorbed IgG1 as well as the h-IgG, were ana-
lyzed in the presence of 5 μM bis-ANS (Figure 22). The dye in buffer alone shows little 
fluorescence, virtually comparable with the dye added to the native protein. As for the 
intrinsic fluorescence data, no difference could be observed within the pH-treated refer-
ence protein fractions. Hence, for better clarity, only one exemplary curve is presented in 
Figure 22a and b, respectively. The fluorescence of the protein fraction adsorbed at pH 4.0 
is not significantly different from the fluorescence of the reference. However, a significant 
increase in intensity as well as a blue shift can be observed for pH 7.2 and particularly for 
pH 8.6. Again, this indicates a change in surface hydrophobicity and unfolding.  
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Figure 22: Fluorescence spectra (385 nm) of 5 μM bis-ANS in (a) IgG1 and (b) h-IgG adsorbed 
at pH 4.0, 7.2 and 8.6; protein sample fractions were obtained by a pH shift to pH 9.5 for 1 h; 
reference formulation without glass contact underwent identical pH shifts; samples and refer-
ences measured after re-adjustment to a uniform pH 7.2 and c = 0.05 mg/ml. 
 
In summary, it can be stated that adsorption of IgG on glass causes unfolding and aggre-
gation. The extent to which this takes place depends on the incubation pH. Among the 
pH values investigated, the structural alterations were most pronounced in the area of the 
protein IEP and at their lowest at pH 4. This is in marked contrast to stability data of 
IgG1 in solution, where molecules were shown to unfold/aggregate predominantly at 
extreme pH values. The extent of structural damage can be related to the degree of surface 
coverage, as has been described by several authors [6,7,64]. At pH 8.6, where adsorption 
was low, the distinct glass surface contact caused a pronounced structural damage. In-
creased adsorption at pH 4 was associated with less structural alterations. Apart from that, 
one also has to consider a preferential surface binding of unfolded/aggregated protein 
molecules. In this regard, Christensen et al. were able to show that (heat-) aggregated IgG 
exhibits a higher adsorption tendency on glass than the non-aggregated molecules [65]. 
This, however, is in contradiction to the very low portion of structurally altered molecules 
in solution at moderate pH.  
 
3.3.3.5 Biological Activity and Structural Integrity of pH-Desorbed h-IgG 
Previous analyses revealed differences between the IgG fractions once adsorbed to the 
glass surface and the native IgG. The outcome was indicative of an increased aggregation 
or a (partially) unfolded state, notably through adsorption at the IEP. An enzyme-linked 
immunosorbent assay (ELISA) can give further information about the conformational 
integrity of adsorbed proteins [66-69]. But both test parameters and conditions have to be  
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Figure 23: ELISA determined concentration recovery of h-IgG after desorption via pH shift 
from glass particles; samples (dark gray) adsorbed at the specified pH value; correlating refer-
ences (white patterned) without glass contact and a denatured reference (heat stressed 5 min, 
75°C).  
 
well coordinated for a successful and reproducible outcome of the studies [66]. Our inves-
tigations were confined to h-IgG using a standard test kit. This test quantified h-IgG 
through the binding of anti-h-IgG to a uniform region in human IgGs. Figure 23 shows 
the %-recoveries from ELISA, related to the UV content of the stock solution, which pro-
vides a measure for biological (residual) activity of the desorbed h-IgG fractions after 
adsorption on borosilicate glass surface. The data is compared to the analogously treated 
references, except for any glass contact. Each reference fraction exhibits a recovery of 
around 100%. This proves that both different incubation conditions at each pH and the 
desorption step with further pH shifts do not negatively influence the h-IgG structure. 
The IgG fractions once adsorbed on the glass surface show a significantly decreased 
ELISA recovery (α = 0.05) compared to their corresponding reference. This indicates an 
incomplete structural integrity, equally evident for all incubation pH values investigated. 
In order to classify the extent of structural damage, a number of reference samples 
(pH 7.2) were heat stressed at 75°C for 5 min. A concentration recovery of approx. 50% 
was determined. This result is in line with the findings from previous methods, which 
reveal that the IgG structure is substantially damaged through the adsorption on glass. 
But the degree of damage is far from that after heat stress at 75°C. By contrast, previous 
findings also consistently reveal hardly any structural instability after adsorption at 
pH 4.0, stronger effects after adsorption at pH 7.2, but less when compared to pH 8.6. 
This discrepancy may be explained by the presence of Triton X-100® used in the ELISA, 
which may have forced back aggregation. It is well known that the biological activity is 
affected by aggregation [70]. Accordingly, reduced aggregation would have led to an 
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enhanced conformational integrity indicated by ELISA. However, this does not provide a 
satisfactory explanation for the decreased integrity at pH 4.0. Sandwick and Schray 
showed that the extent of activity loss due to adsorption is furthermore dependent on 
protein concentration [2]. At high protein concentrations, the structural alterations were 
less distinct than at low concentrations. Furthermore, the degree of structural alteration 
also depends on other factors like temperature, solution characteristics (e.g. pH), time, 
and the sorbent surface [2,7,71,72].  
 
3.4 Atomic Force Microscopy Investigations on Glass Vial Bottoms 
Atomic force microscopy allows a direct visualization of surfaces on the molecular level 
and has been widely employed for the investigation of glass surfaces [33,73] and IgG de-
position on solid surfaces [23,74-76]. Although the elemental compositions of vial bottom 
and wall surfaces are different [77] and the adsorbed amount of IgG1 on both varies sig-
nificantly (see Chapter 6), in this study, only the bottoms of glass vials were studied be-
cause of their homogeneous surface quality and ease of handling. In comparison, the vial 
wall has been described to be littered with droplet-shaped structures originating from the 
vial hot forming process [33]. At first, the blank glass surface was analyzed. A picture of 
the washed and heat sterilized vial bottom is shown in Figure 24 in an area of 1 x 1 μm 
and a z-scale of 5 nm. The surface of the vial bottom reveals a very plain and featureless 
shape and a very low roughness. Hence, the analysis of protein deposits on the glass sur-
face is reasonable.  
 
 
 
 
Figure 24: Tapping mode AFM image of the bare dry borosilicate glass vial bottom after wash-
ing and heat sterilizing; measurement in air 1 x 1 μm, z-scale = 5.0 nm.  
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After the adsorption of IgG1 from the standard formulation (2 mg/ml, pH 7.2) on the 
glass bottom within 24 h, the 3 nm x 3 nm survey scan of the dry glass surface revealed a 
certain coarseness due to protein deposits (Figure 25a). A detail scan (1 nm x 1 nm) re-
vealed defined round-shaped entities on the surface, which correspond to dried protein 
structures (Figure 25b). The smallest objects resolved have a diameter in the area of 40 to 
60 nm, with an approximate height of 1 nm. Larger formations in the dimension of about 
90 - 100 nm appear to arise through the association of smaller objects. The IgG1 dimen-
sions including a common glycosylation pattern are approx. 14.6 x 12.7 x 6.9 nm3, deter-
mined on the basis of the crystal structure. These dimensions correspond to the ones  
 
 
(a) (b) 
 
 
 
(c)   (d) 
 
 
 Surface distance 375.38 nm 
 Horiz. distance (L) 375.29 nm 
 Vert. distance 0.949 nm 
 Angle 0.145° 
Figure 25: Tapping mode AFM measurements of IgG1 adsorbed (2 mg/ml, 24 h, I = 170 mM) at 
pH 7.2 (dried) on borosilicate glass vial bottom; measurements in air (a) 3 x 3 μm and (b) 1 x 1 
μm, z-scale = 5 nm; (c) protein film partially removed by preparation with an injection needle, 
z-scale = 11.4 nm; (d) associated cross-section image.  
90 nm 
50 nm 
213 
Chapter 7 
 
described by other authors for IgG (14.0 x 10.0 x 5.0 nm3) [74], (14.2 x 8.5 x 3.8 nm3) [78], 
(23.5 x 4.5 x 4.5 nm3) [79], and (14.3 x 13.1 x 5.9 nm3) [80]. In principle, the existence of a 
layer thickness smaller than the shortest axis of the molecule seems questionable. Under 
the chosen condition for adsorption (2 mg/ml), the high IgG concentration led to a high 
surface coverage, and the base layer suggested in the AFM images cannot essentially be 
equated with the glass surface. Therefore, another approach of height determination was 
pursued, in which the protein layer was gently scratched with an injection needle. Care 
was taken that the glass surface was not damaged. In Figure 25c, it is shown that the tip of 
the needle waded through the protein layer, resulting in a ridge consisting of protein 
material. Cross-section analysis confirmed the average protein layer thickness of approx. 
1 nm (Figure 25d). Other authors determined the layer thickness of dry IgG films ad-
sorbed on solid surfaces to be 2.0 - 2.5 nm by using AFM [81], and to be 2.9 nm for a wet 
IgG film, this time by using neutron reflection [78]. Possible reasons for a diminished and 
shrunk layer thickness may be a compression of the protein layer by the probe tip. It is 
widely known that forces applied in the AFM technique may modify, distort, or move the 
analyzed proteins [23], especially well-hydrated proteins in liquid media, as will be de-
scribed later. However, our measurements were performed in tapping mode, and in re-
peated scans no alterations were visible and the images remained stable. Another reason 
for this decreased layer thickness may be the occurrence of pronounced conformational 
alterations of the molecules due to drying. Protein films shrink depending on the water 
content at different air humidity values [82], as well as after vacuum treatment [83]. Lu et 
al. found a layer thickness of lysozyme of roughly 1.0 nm on hydrophobic surface and 
assumed a completely unfolded molecule with loose random structure [14]. The authors 
hypothesized that a height of 1.0 nm equals the thickness of two average amino acid side 
chains on top of each other, which would indicate the presence of completely unfolded 
molecules. Moreover, Tencer et al. inferred from a layer thickness of dry BSA, which was 
smaller than the diameter of the native molecule, that the protein denatured on the sur-
face [17].  
As a matter of common knowledge, it should be emphasized that the lateral molecular 
sizes as seen in AFM images are overstated due to distortions or broadening effects of the 
AFM tip. Some work has been done on the correction of AFM images via calculations 
[84], but this is very complex and time consuming. Alternatively, another approach has 
been described to correct the tip broadening effect regarding a single object. In either case, 
the tip geometry has to be considered. Assuming a spherical shape of the examined object, 
the tip broadening effect is described by Equation 1, whereby W, the apparent object di-
ameter, can be assessed from the tip radius R and the true object radius r [73].  
 W = 2 [(R + r)2 – (R – r)2]1/2  (1) 
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As for the broad and flat protein structures, the lateral extension of the objects exceeds 
the height many times over and the broadening effect should be little. With a height of the 
protein formation of approx. 1.0 nm (r = 0.5 nm) and a tip diameter of 10.0 nm (R = 5.0 
nm), the broadening would be around 5.3 nm, referred to the object diameter.  
In the following, it should be investigated whether a molecular resolution was achieved by 
AFM and whether the round objects could be assigned to single IgG1 molecules. There-
fore, the smallest objects resolved were investigated thoroughly. A mean spatial extent 
was obtained from several independent measurements. The object volume Vo was deter-
mined from AFM results according to Equation 2, assuming that the shape of the forma-
tions resembles a segment of a sphere [20]. 
 Vo = (h/6)·(3r2 + h2)  (2) 
In Equation 2, h and r are the height and the radius of the protein object, respectively. 
The radius r was corrected for the approximated overestimation. For comparison, the 
molecular volume Vm was theoretically calculated from the molecular weight according to 
Schneider et al. using Equation 3 [20]: 
 Vm = (M0/NA)·(V1 + aV2)  (3) 
M0 equals the molecular weight, NA is Avogadro’s number, V1 and V2 are the partial 
specific volumes of the protein and water, respectively. According to Tsai et al. [85] and 
Elwing [86], V1 was defined to be 0.735 cm3/g and V2 was defined to be 1.0 cm3/g. The 
extent of protein hydration a was adopted from Schneider et al. and set to 0.4 mol H2O 
per mol protein [20]. By applying a molecular weight of IgG1 = 152 kDa, Vm equals 
286 nm3 and is therefore in accordance with Vo , which was determined to be 239 nm3. 
This confirms the assumption that each of the smaller round objects equals one single 
protein molecule spread on the glass surface upon drying.  
A comparison of dried protein films adsorbed at different solution pH (4.0, 7.2 and 8.6) is 
shown in Figure 26. The protein film adsorbed at pH 4.0 (a) consists of large irregular-
shaped agglomerates which cover wide areas of the surface. A differentiation of single 
objects becomes difficult as the entities seem to coalesce. The protein film adsorbed at pH 
7.2 (b) exhibits a less dense structure, indicating a lower degree of surface coverage. Ad-
sorption at pH = protein IEP (c) reveals a finer structure compared to the other cases, and 
single entities are distinguishable. With regard to the adsorbed amount of IgG1 at vari-
able solution pH, the coverage rate found from AFM measurements is in line with the 
results from SDS vial assay quantification (Chapter 4). However, a potential alteration of  
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(a) 
 
(b) 
 
 
 
(c) 
 
Figure 26: Tapping mode AFM measurements of IgG1 adsorbed (24 h, 2 mg/ml, I = 170 mM) at 
(a) pH 4.0, (b) pH 7.2 and (c) pH 8.6 on borosilicate glass vial bottom; all samples dried; mea-
surements in air 1 x 1 μm, z-scale = 4.5 nm. 
 
the protein conformation on the surface or a partial desorption by the last rinse with pure 
water cannot be entirely excluded. According to the results shown above and in Chapter 4, 
both a pH shift to approx. pH 6 and a drop of the ionic strength are able to decrease the 
adsorbed amount of IgG1. Also, drying of the adsorbed protein has shown to drastically 
affect the structure of adsorbed molecules so that the conclusions on protein formation 
and interaction are less meaningful. In order to avoid such detrimental treatments, the 
adsorbed protein samples were additionally imaged directly in a more complex setting 
submerged in buffer medium. That way the molecules are more likely to be in their native 
conformation as opposed to how they would be in the dried state. However, the proteins 
might not be sufficiently hard as well as resistant to damage and movement from the 
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AFM tip [24]. The results of measurements in pH 4.0 are shown in Figure 27 as a survey 
(a) and in detail (b). In contrast to measurements in air, the images recorded under buffer 
medium exhibit large bundles of agglomerated (aggregated) IgG1 molecules with a height 
many times higher than the dried IgG1 adsorbates. A mean object height within the 
covered surface was determined through cross-section analysis and amounts to 22.0 nm 
(+/- 6.9 nm). Thus, applying Equation 1, a considerable value for average broadening of 
each object is expected. Without any correction, the diameters of the vast entities range 
from roughly 60 nm up to 200 nm and more, corroborating agglomeration of several 
IgG1 molecules. In analogy to measurements in air, the definite protein layer thickness 
 
 
(a) 
 
(b) 
 
 
(c)  
 
 
 
(d) 
 
 
 
 Surface distance 924.5 nm 
 Horiz. distance (L) 904.2 nm 
 Vert. distance  28.6 nm 
 Angle  1.8° 
Figure 27: Tapping mode AFM measurements of IgG1 adsorbed (24 h, 2 mg/ml, I = 170 mM) at 
pH 4.0 on borosilicate glass vial bottom under buffer medium; (a) 3 x 3 μm and (b) 1 x 1 μm; 
(c) protein layer was removed in the area of 1 x 1 μm by scanning in contact mode; z-scale for 
all images = 80.0 nm; corresponding section analysis of (c) is shown in (d). 
110 nm 
60 nm 
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down to the glass is hard to determine because of the crowded surface. The adsorbed 
proteins did not stick to the glass surface too strongly and were quite easily swept aside 
within an area of 1 x 1 μm by some scanning procedures in contact mode (Figure 27c), as 
has also been described by Ton-That et al. [87,88]. The average height of the protein 
structures related to the glass surface is about 30 - 35 nm. This means that more than two 
perpendicular molecules sit on top of each other and several ones side by side (Figure 
27d). If the molecules were lying flat, the number of stacked IgG1 would be increased 
even further.  
In literature, very commonly a monolayer formation model of surface-adsorbed proteins 
is assumed. According to our results, an IgG1 monolayer formation on glass under the 
chosen conditions can be clearly disproved. Moreover, both agglomeration and the 
patchy distribution of proteins complicate the common extrapolation from adsorbed 
amount to layer thickness and to molecule orientation. Our results are in line with the 
findings of Zhou et al., who applied AFM/QCM-D on h-IgG adsorbed on solid surface 
[89]. They suggested a concentration-dependent layer formation of IgG, whereas above a 
critical value (0.057 mg/ml), multilayer-like structures instead of a monolayer could be 
observed. Likewise, Su et al. limited the monolayer state to low protein concentrations 
only, e.g. for lysozyme on hydrophilic silica to 0.03 mg/ml [90]. This fact would give rise 
to further detailed adsorption studies of IgG1 on borosilicate glass at lower protein, and 
thus, lower surface concentrations. 
In contrast to dried protein layers, the space between the hydrated protein molecules may 
be increased because of the repulsive electric double-layer forces or entropic/thermal 
fluctuation forces in aqueous electrolyte solutions [91]. Voeroes et al. referred to the high 
amounts of ions and water inside an adsorbed protein layer [92]. Although the share of 
water in the protein layer decreases with adsorption time, they further argued that the 
water content (including salt) probably exceeds the mass of protein. This would explain 
the very voluminous protein structures revealed in hydrated state. Furthermore, the soft-
ness of biological samples is problematic when AFM imaging is performed under liquid. 
Deformation of the sample via compression by the AFM probe was reported [93]. The 
height determination of biological samples via AFM strongly depends on pH and electro-
lyte content of the liquid due to electrostatic interactions [94,95]. These interactions can 
be described by the DLVO (Derjaguin, Landau, Verway, Overbeek) theory. In this regard, 
Rossell et al. found out that a higher ionic strength leads to a decrease in double-layer 
thickness and forces [95]. Thus, an erroneous imaging of the electrical double layer can be 
avoided for the benefit of image quality and accurate height measurements. In our case, 
the ionic strength was chosen to be at a constant value of 170 mM. This should have been 
sufficient for shielding either attractive or repulsive electrostatic interactions, which gen-
erally arise between the AFM tip and the protein surface in solution. But since measured  
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Figure 28: Tapping mode AFM survey image of IgG1 adsorbed (24 h, 2 mg/ml, I = 170 mM) at 
pH 4.0 on borosilicate glass vial bottom under buffer medium; 10 x 10 μm; z-scale = 80.0 nm. 
 
heights strongly depend on pH [96], the comparison of layer thickness results at different 
pH values was avoided. Moreover, it turned out to be difficult in our case to receive a sta-
ble image at pH values of 7.2 and 8.6, which has also been described by Schneider et al. 
for physiologic pH [20]. The IEP of the Si3N4-tip is the area of pH 5 - 6 [97]. The IEP of 
the protein-covered glass surface was shown to be in the same range (see Chapter 4). Thus, 
at pH values below as well as above the uniform IEP, both tip and protein loaded surface 
wear the same charge sign, and the arising rejecting forces favor AFM measurements [95]. 
It remains unclear whether the bad image quality at neutral to alkaline pH was due to an 
adverse charge interaction or to other reasons, such as more loosely bound protein [20].  
In Figure 28, a 10 x 10 μm survey image of the hydrated pH 4.0 IgG1 sample is shown. 
Remarkably, no homogeneous adsorption pattern was observed. Although wide areas 
appear uniformly covered, fields of increased and decreased protein density are distrib-
uted over the surface. This allows the assumption that the glass surface chemistry is not 
homogeneous, thus influencing the protein adsorption pattern or even the aggregation 
tendency. For example, it could be shown previously by XPS and/or ToF-SIMS measure-
ments (see Chapter 6) that the average adsorbed amounts of IgG1 were different for vial 
bottom and vial wall, which also must have been due to differences in the glass properties. 
As proven by the example of vial bottoms (Figure 28), adsorption is not homogeneous in 
the microscale either.  
In summary, it can be stated that AFM imaging is ideally suited for the visualization of 
protein molecules in surface-adsorbed state. Furthermore, the findings for IgG1 on boro-
silicate glass are not exceptional. Schneider et al., who imaged single IgG molecules on 
mica, found heights for IgG adsorbed in dried state similar to ours [20]. The imaging of 
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adsorbates under buffer has shown to provide more meaningful results, since protein 
molecules alter extremely upon drying. As mentioned above, difficulties in generating a 
stable image hampered the AFM analyses under buffer at pH 7.2 and 8.6. For that reason, 
an increased aggregation tendency observed with other methods at these pH values could 
not be corroborated with AFM. The pronounced IgG1 agglomeration visualized at pH 4.0 
rather leads to the assumption that agglomeration occurs at acidic pH values as well. Most 
likely, pH-dependent differences in the agglomeration reversibility account for this obser-
vation. At the IEP, a decreased IgG1 stability or decreased intermolecular electrostatic re-
pulsion forces may be responsible. Aggregation of IgG on solid surface has already been 
observed in AFM [23,74], which holds true also for other proteins such as lysozyme [96]. 
Cullen and Lowe reported a patch-like adsorption pattern of IgG on solid surface as well 
[23]. From their point of view, nucleation took place, which promoted the adsorption of 
further molecules. This mechanism is also propagated by Kim et al. [96]. Another hy-
pothesis is the formation of aggregates in solution, which subsequently adsorb, forming 
multiple layers. In our case, the situation became more complex since the high protein 
concentration during incubation led to a saturated and very crowded surface. Within the 
scope of this work, the exact mechanism could not be solved conclusively. It might be 
clarified by monitoring in situ adsorption of IgG1 with AFM, using lower IgG1 concen-
trations. Furthermore, sequential imaging after adsorption at increasing protein concen-
trations could reveal more differentiated statements upon the adsorption mechanisms. In 
addition, images in submerged state of IgG1, adsorbed at the so far unsuccessfully tested 
pH values, would contribute to the mechanistic model as well.  
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4 CONCLUSIONS 
In preliminary studies, the structural stability of IgG1 was investigated in terms of pH, 
ionic strength, and heat. The IgG1 was stable within the timeframe studied in adsorption 
experiments over the pH range from 4 to 10 and ionic strengths from 23 mM to 1 M. The 
adsorption of IgG to borosilicate glass was shown to be at least partially reversible in 
terms of pH shifts, whereupon the desorbed material could be used for structural inves-
tigations. The pH-dependent adsorption characteristic was determined by concentration 
depletion, using pulverized borosilicate glass. The results from this innovative method 
were equivalent to those of the vial assay after desorption with SDS buffer. In addition, 
the secondary, tertiary, and macroscopic structure of IgG1, either in adsorbed state on the 
well-characterized borosilicate glass powder or after desorption by pH shift, was studied 
as a function of solution pH. An increased extent of aggregation could be found after ad-
sorption at the isoelectric point of the IgG1 (pH 8.6). The tertiary structure was equally 
affected by adsorption. Fluorescence spectroscopy results pointed to substantial unfold-
ing, most pronounced at the protein IEP as well. In contrast, the secondary structure of 
desorbed IgG1 was found to be widely retained. Analysis of the structural integrity of h-
IgG after adsorption on borosilicate glass by means of a standardized ELISA revealed a 
uniformly decreased integrity of only around 80% compared to the native state, which 
was consistent for all pH values investigated (4.0, 7.2 and 8.6). Besides potential differ-
ences in the stability of h-IgG compared to monoclonal IgG1, the decreased integrity, 
however, may have originated from the ELISA specific sample preparation.  
IgG1 adsorbed on borosilicate glass vial bottom could be visualized by AFM in dried state 
and submerged under buffer. The surface coverage, after adsorption at different pH 
values (pH 4.0, 7.2 and 8.6), correlated well with the results from quantification assays. 
AFM measurements revealed an IgG1 layer thickness of approx. 1 nm after drying. Fur-
thermore, AFM imaging resolved small round objects with a diameter of approx. 50 nm. 
These round entities could be assigned to single IgG1 molecules since their average 
dimensions corresponded well with the theoretically calculated IgG1 volume. Thus, a 
spreading of the molecules on the surface along with a loss of their globular molecule 
shape can be inferred. The imaging of IgG1 adsorbed on the glass surface (pH 4.0) in 
submerged state revealed agglomeration of molecules and indicated the formation of 
multiple proteins. The formation of a protein monolayer after incubation at increased 
equilibrium protein concentrations of 2 mg/ml at pH 4.0 could also be clearly disproved. 
Further AFM investigations at lower equilibrium concentrations and at different pH 
values are supposed to give a deeper insight into the adsorption mechanism and the pH-
dependence of surface-induced agglomeration.  
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Chapter 8   
 
Summary of the Thesis 
 
The adsorption of therapeutic proteins to different surfaces in the course of fill and finish, 
storage, or administration is critical and has shown to cause severe problems which 
should not be underestimated. Among them is the loss of content but also, potentially, 
protein structural changes, accompanied by the risk of therapy failure or immunological 
reactions. In this context, special attention has to be paid to primary packaging containers, 
to which the protein has an enduring surface contact. 
Against this background, the adsorption of a modern therapeutic protein, i.e. an IgG1 
antibody, to vials was investigated within the scope of this thesis. The first priority had 
borosilicate glass, followed by siliconized borosilicate glass and polyolefin plastic. The use 
of model surfaces was almost completely avoided. The studies comprise the quantifica-
tion of surface-bound protein subject to variable formulation compositions and surface 
qualities as well as a detailed characterization of the adsorbed protein layer including 
protein structural alterations caused by the adsorption process. In the presented investi-
gations, the main focus was on the equilibrium state of adsorption at conditions mainly 
within the scope of pharmaceutical relevance, but also beyond, if necessary, for the acqui-
sition of fundamental knowledge on the adsorption mechanism.  
The non-ideal surface character of single dose primary packaging containers, together 
with the limited surface area, required the development of tailored analytical procedures. 
Desorption of surface-bound protein molecules using SDS, followed by SEC with fluores-
cence detection, proved excellent suitability and universal applicability for the determina-
tion of adsorbed amounts. This was confirmed by various reference techniques in the 
course of the thesis, such as QCM, XPS, solution depletion, and protein hydrolysis 
coupled with TOC analysis. The validated SEC method was sufficiently sensitive for the 
quantification of lowest adsorbed amounts as well as for low container surface-to-volume 
ratios. LOD and LOQ values were in the range of 0.03 - 0.06 and 0.08 - 0.17 μg/ml IgG, 
respectively. Moreover, the desorption assay avoids exceptional equipment and the use of 
model surfaces. 
The studies demonstrate that adsorption is strongly affected by the surface quality of the 
vials. The surface polarity, derived from the ratio of polar and unpolar components of the 
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surface free energy, turned out to be a key parameter in this regard. Adsorption was 
shown to decrease linearly with increasing surface polarity. The lowest amount of IgG1 
was bound on a highly purified glass surface, whereas organic surface contaminants of 
either airborne or unspecific origin or hydrophobic vial materials have shown to increase 
adsorption. The amount of IgG1 adsorbed on borosilicate glass accordingly increased 
with precedent vial storage time at exposure to air. Therefore, particular attention should 
be paid to the cleaning procedure as well as to storage conditions and time. An increased 
extent of organic material on the vial wall part was observed with XPS and ToF-SIMS. 
Furthermore, it cannot be excluded that experimentally verified differences in the ele-
mental surface composition of both segments or the observed corrosion of the topmost 
borosilicate glass surface by means of the protein formulation has an effect on the 
adsorbed quantity as well. Both formulation pH and ionic strength exert a more control-
lable influence on adsorption by affecting the charge of the protein and the sorbent 
surface. The adsorption maximum of IgG on glass at an ionic strength of 170 mM was 
found at pH 4.0 (approx. 5 mg/m2), thus clearly apart from its IEP at 8.6. It became 
apparent that the pH of maximum adsorption is a function of the ionic strength and is 
shifted towards a higher pH with decreasing salt concentration. Ionic strength only has a 
distinct effect on the adsorbed amount on the hydrophobic plastic surface when IgG1 is 
considerably charged (e.g. at pH 4.0).  
An important outcome of this work is that the main driving forces for IgG adsorption on 
vials could be elucidated. Electrostatic forces play a major role in the adsorption of IgG on 
glass. Hydrophobic interactions have shown to be secondary but not entirely insignificant. 
The adsorbed amount is attributable to the interplay of attractive and repulsive forces, 
both between protein molecules and between the protein molecules and the surface. Fur-
thermore, this balance is influenced by a charge screening effect of salt ions contained in 
the protein solution. This could be confirmed by electrokinetic measurements. In the case 
of a positive charge surplus in the adsorption boundary layer, the doubly charged SO42- 
ion was more effective in preventing charge accumulation than Cl-. The consequence was 
a disproportionally increased IgG1 adsorption at an otherwise equal ionic strength. For 
hydrophobic materials, where hydrophobic protein surface interactions prevail, electro-
static forces affect adsorption by means of intermolecular repulsion. In spite of an intrin-
sic preferential exclusion and stabilizing effect, uncharged sugar and polyol excipients 
showed a minor impact on IgG adsorption. In contrast, uncharged surfactants proved to 
prevent from adsorption by shielding hydrophobic areas on both glass and protein sur-
face. Surfactants of higher hydrophobicity were more effective in reducing the adsorbed 
amount. Compared to pH 4.0, the adsorption-decreasing effect was more pronounced at 
pH 7.2 (reductions up to 90%), where hydrophobic interactions contributed significantly 
to the surface-attractive driving force.  
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In a theoretical approach, IgG1 adsorption on hydrophilic and hydrophobic vial surfaces 
was shown to comply with the Langmuir-Freundlich (Sips) isotherm model. The adsorp-
tion cooperativity type turned out to be consistently negative. A decreasing extent of 
negative cooperativity at increasing ionic strengths supports the theory of an electrostati-
cally dominated adsorption mechanism for borosilicate glass. In contrast, the explanation 
for a pronounced negative cooperativity extent on hydrophobic surfaces throughout 
requires further investigation.  
In the course of structural investigations, AFM imaging revealed interesting insights into 
the morphology of IgG1 adsorbates, such as adsorption in the form of agglomerates, the 
absence of a monolayer formation, molecule spreading upon drying, and an inhomoge-
neous adsorption on the vial surface in the microscale. The thickness of a typical adsorp-
tion layer was approx. 1 nm in dried state and amounted up to 30 - 35 nm in its native 
form submerged. In AFM measurements, individual molecules were resolved on the glass 
surface. But in most cases, they fused to larger agglomerates. Stability investigations con-
firmed that the glass surface has a destabilizing effect on the adsorbed IgG1. As expected, 
the tertiary structure is considerably affected through adsorption, whereas the secondary 
structure of adsorbed IgG1 is widely retained. The structural alterations observed were 
increased at the IEP of the antibody and were generally discussed to serve as an additional 
adsorption driving force. 
In summary, the studies contribute to an enhanced and profound understanding of the 
adsorption of IgG as a therapeutic protein on packaging container surfaces. This thesis 
presents a set of analytical methodologies which proved to overcome the obstacles of a 
non-ideal surface in the quantification and the structural investigation of adsorbed 
protein. The free energy of the surface as well as the pH and the ionic strength of the 
formulation turned out to be key parameters with regard to the adsorbed amount and the 
structural stability. The technical experiences gained in the handling of non-ideal surfaces 
and the knowledge on adsorption mechanisms ought to facilitate a transfer to the ques-
tion of therapeutic protein adsorption to other packaging components, e.g. syringe plung-
ers or vial stoppers. Finally, the present thesis may encourage and support further 
research in the field of new packaging materials or innovative container coatings for the 
minimization of adsorption and the prevention from surface-induced instabilities.  
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α significance level 
a protein molecule radius 
A surface area 
AFM atomic force microscopy 
ANS 8-anilino-1-naphtalene-sulfonate 
API active pharmaceutical ingredient 
ATR attenuated total reflection 
β-hCG β-subunit of human chorionic gonadotropin 
BET (theory described by) Brunauer, Emmett, and Teller 
bis-ANS 4,4-Dianilino-1,1-binaphthyl-5,5-disulfonic acid dipotassium salt 
BPA bovine plasma albumin 
c concentration 
CA contact angle 
CD circular dichroism 
ceq equilibrium concentration 
CMC critical micelle concentration 
COC cyclic olefin copolymer 
COP cyclic olefin polymer 
Δads change in thermodynamic function through the adsorption process 
Δadsσek charge transfer between the adsorbed layer and the surrounding liquid 
Δf frequency shift 
dh hydrodynamic diameter 
DLVO (theory described by) Derjaguin, Landau, Verway, and Overbeek 
DSSP define secondary structure of proteins 
e electron charge 
ε0 permittivity of the free space 
εr relative permittivity of the medium 
ELISA enzyme-linked immunosorbent assay 
EMBOSS european molecular biology open software suite 
EMEA european medicines agency 
ExPASy expert protein analysis system 
η viscosity of the liquid 
F Faraday constant 
Fb fibrinogen 
FDA food and drug administration 
FT-IR Fourier transform infrared spectroscopy 
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γ surface free energy 
Γ mass of protein adsorbed per surface area 
γ d dispersive component of the surface free energy 
γ l surface tension of the liquid 
Γmax maximum surface concentration 
γ p polar component of the surface free energy 
Γpl adsorption plateau value 
γ s surface tension of the solid 
γ sl interfacial tension of solid and liquid 
p
sγ /  sγ surface polarity 
G-CSF granulocyte colony-stimulating factor 
h height 
H enthalpy 
HDL high-density lipoprotein 
HEPA high efficiency particulate air filter 
hGH human growth hormone 
h-IgG human IgG from pooled serum 
HLB hydrophilic / lipophilic balance 
HPLC high performance liquid chromatography 
HSA human serum albumin 
I ionic strength 
IC inorganic carbon 
ICH international conference on harmonisation 
IEF isoelectric focusing 
IEP isoelectric point 
IgG immunoglobulin G 
IMFP inelastic mean free path 
κ-1 Debye length 
k Boltzmann constant 
K adsorption equilibrium constant 
ka rate constant for adsorption 
kd rate constant for desorption 
Km mean binding affinity 
λ wavelength of the light 
λmax maximum wavelength 
LC liquid chromatography 
LOD limit of detection 
LOQ limit of quantification 
μe electrophoretic mobility 
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mBCA micro bicinchoninic acid assay 
MW molecular weight 
MWCO molecular weight cut off 
n cooperativity coefficient 
n0 number of ions per unit volume 
NA Avogadro’s number 
NI-assay non interfering protein assay 
NIBS non-invasive back-scatter 
NMR nuclear magnetic resonance 
OWLS optical waveguide lightmode spectroscopy 
P 188 poloxamer 188 
PAGE polyacrylamide gel electrophoresis 
PBS phosphate buffered saline 
PC principal component 
PCA principal component analysis 
PCO 35 polyoxyl 35 castor oil 
PDMS poly(dimethysiloxane) 
PEG polyethylene glycol 
Ph. Eur. Pharmacopoea Europaea 
pI isoelectric point 
pKa thermodynamic dissociation constant 
pKa* practical dissociation constant 
PMT photomultiplier tube 
PP polypropylene 
PS 20 polysorbate 20 
PS 80 polysorbate 80 
PTFE polytetrafluoroethylene 
PZC point of zero charge 
QCM quartz crystal microbalance 
QCM-D quartz crystal microbalance with dissipation monitoring 
r surface roughness parameter 
r true object radius 
R ideal gas constant  
R AFM tip radius 
rh hydrodynamic radius 
rhFVIII recombinant human factor VIII 
RSD relative standard deviation 
σe electrokinetic charge density 
S entropy 
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SDS sodium dodecyl sulfate 
SE-HPLC size exclusion high performance liquid chromatography 
SEM scanning electron microscopy 
SPR surface plasmon resonance 
T absolute temperature 
TC total carbon 
TGF-β1 transforming growth factor beta 1 
TIRF total internal reflection fluorescence  
TOC total organic carbon 
θ  contact angle 
θˆ  contact angle of the roughened surface 
0θ  intrinsic angle 
USP United States Pharmacopeia 
V1, V2 specific volumes 
Vm molecular volume 
W apparent object diameter 
XPS X-ray photoelectron spectroscopy 
ζ zeta potential 
z valency of ions 
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